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’\ INTRODUCTION 

To understand the reactions occur during coal gasification, i t  is essential to 
investigate reactivity and structural changes in coal and char. As coal and char 

., methods for analyses is limited. An FT-IR spectroscopy is a promising method to 
detect the status of various kinds of functional groups and their chemical and 

! are solid which hardly dissolve into most of solvents, variety of applicable 

I 

EXPERIMENTAL 
m t i o n  of oxidized coal samples 

2Og of Miike coal(C: 82.2%, daf; H: 6.2%, daf; N: 1.0%, daf; ash: 7.7%, dry, 
24-60mesh) was placed in a glass-made, constant volume closed reactor equipped 
with a circulator, and was dried at 1 5 0 4  under vacuum for 3 weeks. Oxidation 
reaction was initiated by introducing oxygen from the reservoir to the reactor 
maintained at 1OOoC. Pressure drop was monitored by pressure gauge(Ba1zers 
APGOLO) to calculate the amount of oxygen absorbed into coal. 

Taiheiyo coal(C: 74.6%, daf; H: 6.6%, daf; N: 1.4%, daf; ash: 12.9%, dry; 
particles of 2-5mm) was held in a stainless steel wire mesh and oxidized in a air 
stream heated up t o  300.C for lh.  

Oxidized coal samples were used for FT-INPAS analyses without further 
pulverization. After IR analyses, each sample is mixed with phenol resin, 
solidified and polished t o  make a cross sectional observation by a microscope 
using reflected light with an oil immersion method. 

1 v d  P coa 
Taiheiyo coa1(60-100mesh) was dried under vacuum(-lO%orr) a t  170oC for 3 

weeks. 4g of the dried coal was exposed to irradiation of argon ion with energy of 
1OOkeV for 4h using 200keV ion implanter(B) a t  Ion Engineering Center 
Corporation(Osaka, Japan). 
Gasification Char 

Chars were produced from Taiheiyo coal and Muswellbrook coal(C:80.3, daf, 
H:5.5, daf, N:1.7, daf, ash 11.7%, dry) during the operation of HYCOL gasifier 
(Chiba, Japan)5. 
FT-IR measurement 

A Biorad FTS-6ON896 step scan FT-IR spectrometer was used for all spectral 
measurements. Spectra were recorded a t  resolution of 8cm-1 using an MTEC 
model 100 photoacoustic cell with its accompanying preamplifier/power supply. 
Helium was used as the carrier gas in the PA cell. Stanford Research Systems 
SR510 lock-in amplifier was used when phase modulation was applied. Step scan 
speedphase modulation frequency of 10/100Hz and 50/400Hz was used for the FT- 
IR measurement. 

. .  . 

RESULTS AND DISCUSSION 
n FT-IRIPAS with a h e  m o d u u  

FT-IRRAS has been in  use for about ten years? Many photoacoustic 
applications involve the study of the spectra for layered and heterogeneous 
samples with varying interferometer scanning velocity, to probe deeper into them 
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as the velocity is reduced. The main advantage of step scan interferometry for 
PAS is tha t ' a  single modulation frequency can be applied over the entire spectral 
range to generate the PA signal. Step scan data collection for depth profiling 
experiments produces a constant sampling depth across the spectrum for each 
frequency used.4 Spectrum obtained without phase modulation is quite 
photoacoustically saturated, bu t  the phase modulated spectra are not. Among the 
vector component of PA signals, in-phase(00) component carries response of deep 
layer and quadrature(900) component takes signal of surface layer. In principle, 
by changing the phase angle of the lock-in amplifier, it  should be possible to  probe 
different depths of the sample with the same depth for all infrared frequencies in 
the spectrum. i I 

Qxidized coal 
Results of oxidation of Miike coal is summarized in Table 1. Main product in 

gaseous phase was water. Approximately one half of total amount of oxygen 
reacted(O2react) was consumed to form HzO, CO and C02 . Oxidized coal samples 
which gained 0.54-2.36%(initial coal weight basis) of oxygen was consequently 
obtained. Photoacoustic spectra recorded a t  2.5kHz(rapid scan) were shown in 
Figure 4. PA spectrum of unoxidized(dried) Miike coal recorded a t  the same FT- 
IR settings was used for reference. 

Absorption peak at around 1700cm-1, attributable to carbonyl group, 
increased by oxidation. Broad peak reflects various kinds of carbonyl entities. 
Shoulder peak observed a t  higher than  1700cm-1 is attributed to ester or  
carboxylic acid. Small peaks detected a t  1540cm-1 may be attributed to carboxylic 

reaction of dehydrogenation from mainly aliphatic compounds proceeded. 
Absorption increased around 3400cm-1 can be attributed to formation of hydroxyl 
group. PA spectra obtained here seems to be quite similar to those acquired by 
diffuse reflectance FT-IR spectroscopy6 except OH region. 

Depth profiling analyses of a series of oxidized coal samples was performed 
by using step scan moddstep speedlphase modulation frequency = 50Hz/400Hz). 
Figure 2 illustrate step scan FT-IWPA spectra of oxidized Miike coal which are 
measured and phase-separated with phase angles of 450 and 00 respectively. PA 
spectrum of unoxidized Miike coal was used for background correction. In the 
layer near surface detected with phase angle of 45o(A), absorption at  1700cm-1 
and 1100cm-1 increased indicating the formation of oxygen containing functional 
groups such as C=O and C-0 with increase in the amount of oxygen reacted with 
coal. On the other hand, peaks a t  2800-3050cm-1 did not show a definite increase 
nor decrease with series of oxidation conditions. Similar tendency of the intensity 
changes in peaks was observed when phase angle was decreased to 00 to obtain 
the signals from deeper layer as shown in Figure 2(B). 

I t  is assumed that oxygen containing functional groups formed by oxidation 
uniformly distributes in oxidized layer, but dehydrogenation reaction takes place 
mainly in  the  surface layer. Other interpretation may be that aliphatic 
compounds decomposed and released by oxidation moves inside coal particle with 
certain mobility. 

Michaelian utilize a n  FT-IR spectrometer with STop-and-Go mode for depth 
profiling of oxidized coal and estimated the thickness of oxidized layer a t  -12pm 
corresponding to the modulation frequency of 2OOHz.3 This estimation, however, 
involves some assumption. Measurement of actual sampling depth is required. 
Oxidized Miike coal samples were used for cross-sectional observation by 
microscope with reflected lights. No obvious oxidation layer could be seen by 
microscope observation, possibly due t o  the mild oxidation conditions. Taiheiyo 
coal oxidized at 3000'2 was used for estimation of sampling depth of step scan FT- 
IWPAS measurement. Figure 3 shows depth profiling PA spectra of oxidized 
Taiheiyo coal with various modulation frequencies and phase angles. PA spectra 
of unoxidized Taiheiyo coal was used for back ground correction to compare the 
changes in peaks before and after oxidation. When modulation frequency of 
400Hz and phase angle of 900 were selected, the vicinity of coal surface should be 
detected. Considerable decrease in peaks a t  2800-3050cm-1 attributed to CH 
stretching band was observed. Decreasing phase angle from 900 to  00 to obtain 
the signals of deeper layer, a peak a t  around 1700cm-1 attributed t o  C=O band 
increased. When modulation frequency is switched to 100Hz, infrared beam is 
expected to penetrate into deeper layer of coal particle. Applying the phase angle 
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ion. Besides, peaks at 2800-3050cm-1 decreased with oxidation indicating that rt 
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of 90-450, decrease in  CH peaks was observed, while difference between PAS 
spectra of oxidized and unoxidized samples scarcely be detected with a phase 
angle of 00. This indicates that changes in functional groups caused by oxidation 
occur only in the vicinity of coal surface. 

Oxidized Taiheiyo coal samples were used for cross-sectional observation by 
microscope with reflective lights. 5-10km of bright rim was observed on the edge 
of coal particles. Unoxidized coal did not show this kind of rim. Thus, actual 
sampling depth of the spectrometer is estimated to around 10pm. 
h - i r r ad ia t ed  coa 1 

Step scan FT-IWPA spectra of ion irradiated coal measured with various 
modulation frequencies and phase angles are shown in Figure 4. PA spectra of 
untreated Taiheiyo coal obtained a t  the same FT-IR settings a re  used as 
background. In the spectra recorded with 400Hz of modulation frequency, peaks 
a t  2800-3050cm-1 and 1700cm-1 obviously decreased indicating dehydrogenation 
and decarbonylation occurred during ion irradiation. On the other hand, 
changes in functional groups is scarcely detected when modulation frequency is 
set to lOOHz with a phase angle of 450 and below. According t o  the results of ion 
irradiation on metal surface, layer with a thickness of lkm should be treated. 
Effects of ion irradiation on coal may be different and penetration depth is 
expected to deeper than 1pm in the case of coal. The spectra of ion treated coal 
seems to  be consistent with the estimation from the oxidation experiment and 
microscopic observation of Taiheiyo coal. 
Gasification char 

A Taiheiyo coal char and a Muswellbrook coal char produced by HYCOL 
entrained flow gasifier are used for the IR measurement. No obvious absorbance 
peaks could be detected on the surface by the conventional FT-IR spectroscopy. In 
Figure 5, depth profiling FT-IWPA spectra are shown. For better baseline 
correction, spectra of the char collected a t  the same time in different two places 
(cyclones CY-301 and 302) during the operation of HYCOL gasifier are mutually 
compared. Using step scan speed as slow as lOHz to allow IR beam to penetrate 
deeply inside char, peaks at 2900cm-1, attributed to CH, and broad peaks centered 
a t  1700 and 3400cm-1 could be clearly detected. These peaks directly indicate that 
some organic part  including oxygen containing functional groups still remain 
inside the char particle after being processed a t  high temperature up to 1600oC. 
Two kinds of chars showed different depth profile. It is reported that almost all 
Taiheiyo char is categorized as network or Lacy type and Muswellbrook chars are 
mainly thick and thin walled balloon types. Depth profile may reflect the 
difference of morphology of respective chars. 

CONCLUSIONS 
Step scan FT-IWphotoacoustic spectroscopy (PAS) was used for depth 

profiling of coal and gasification char particles. Phase modulation on the 
interferometer and phase separation at the detector, by a lock-in amplifier, and a 
variety of modulation frequencies and phase angles were used. The results 
showed considerably different spectra with depth of the coal. Sampling depth 
was estimated t o  ca 10pm by comparing the depth profiling spectra and cross- 
sectional microscopic Observation of oxidized coal. Depth profiling of char 
obtained from HYCOL gasifier indicated the  existence of a n  organic structure 
inside char particle. Considering that no obvious absorbance peaks could be 
detected by the conventional FT-IR spectroscopy, the use of step scan FT-IWAS 
is concluded to be a promising method for the analyses of even high temperature 
gasification chars as  well as coals. 
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Table ' 1 Results of oddation of Miike coal a 

Run Time Opmt b Gaseous products I m o l  Analyses of oxidlzed coal 

I h  l m o l  H@ CO COz CHI Cz+ ozobsC,- C%d H%d 

u) 

8 

JI 

1 2 6  5.62 3.42 0.16 0.46 - 0  - 0  0.54 81 .5  6.20 
2 51 10.54 4.55 0.35 1.11 - 0  - 0  1.07 81.2 6.17 
3 124 17.69 10.23 0.63 1.66 0.01 - 0  1.79 80.6 6.08 
4 384 25.17 15.14 0.99 2.63 0.01 - 0  2.36 79.9 6.02 

& 1.07 

7 0.54 

a1 2Og of coal was used. Reactlon temp: 10043 b) The amount of oxygen reacted with zog of coal. 
c )  The amount of oxygen absorbed in coal. d) Ultimate analysts data, daf basis. 
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Figure 2 Step scan FT-IR/PA spectra of oxidized Miike coal measured with step 
scadphase modulation freq.= 50/400Hz. Spectrum ofunoxidized m i k e  coal is  
used as background. 
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Figure 3 Depth profiling F I - W A  spectra of oxidized Taiheiyo coal. Spectrum 
of unoxidized Taiheiyo coal is used as background. 
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Figure4 Depth profiling F I - W A  spectra of ion-irradiated Taiheiyo coal. 
Spectrum of untreated coal is used as background. 
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Figure 5 Depth profiling FT-IFUF'A spectra of gasification cham obtained from 
HYCOL gasifier measured with step scadphase modulation freq.= 10/100Hz. 
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INTRODUCTION 
It is well known that, ceteris paribus, the overall gasification rate decreases with increasing 
pyrolysis severity [e.g., 1-71. This effect can be attributed to various sources, including the loss of 
heteroatoms and annealing processes. All these types of processes affect the active site density of a 
char which is an important factor in determining its reactivity. In the current communication, we 
investigate the relationship between populations of oxygen surface complexes, which form on 
these sites, and char reactivity as a function of char “age.” 

EXPERIMENTAL 
The char samples used in the current experiments were produced from Wyodak subbituminous 
coal samples obtained from the Argonne Premium Coal Sample Bank [8], and a phenol- 
formaldehyde resin synthesized in our laboratory. The latter material was used as a prototype of a 
non-mineral matter containing char. 

Char samples were produced in a tube furnace in flowing ultrahigh purity helium at various 
ultimate temperatures for two hours. Variation in char “age” was achieved by pyrolyzing samples 
at temperatures of 900, 950, 100O’C for resin char, and 1000, 1050, and 1100’C for Wyodak 
char, respectively, for two hours. 

All the oxidation and thermal desorption experiments were carried out in the TPD-MSfI’GA 
apparatus. For gasification, the samples were exposed to one atmosphere of carbon dioxide at a 
selected temperature to a desired bum-off. The thermal desorptions were all carried out at a heating 
rate of 5OWmin to 120OOC in ulaahigh purity helium carrier gas 191. 

RESULTS AND DISCUSSION 
Reacrivities. As expected, the reactivities of the resin and Wyodak coal char samples all decrease 
monotonically with increasing pyrolysis temperature; i.e., the “younger” chars are more reactive 
than the “older” chars. Apparent activation energies, determined from Arrhenius plots, are 
presented in Table I. As shown, these values are well within the range reported by other workers 
(e.& [6,7]) for different types of chars and carbons. These results suggest that the apparent 
activation energies of the “younger” chars are less than for the “older” chars, but only slightly so; 
certainly not enough to explain the significant differences in observed reactivities. 

TPD Spectra. CO TPD spectra from COz-gasified Wyodak coal char samples as a function of 
pyrolysis temperature are presented in Figure 1. As shown, the broad desorption peak is centered 
at about 95OOC. The total amount of oxygen surface complexes decreases with char “age”, but not 
homogeneously over the entire TPD spechum. That is, the higher temperature surface complexes 
fall off more rapidly with “age” than the lower temperature complexes. In fact, the low temperature 
complex population in Figure 1 is practically invariant with char “age.” 

Figure. 2 presents the corresponding data for resin the char samples. The same qualitative behavior 
is readily apparent, although the desorption is peaked at a higher temperature of about 10IO°C. In 
addition, the total amount of oxygen surface complexes is about a factor of three or so less than for 
the Wyodak coal char samples. Just as for the Wyodak coal char, the “younger” char samples 
exhibit a greater amount of CO evolution than the “older” char samples, and the decrease in the 
population of oxygen surface complexes is not homogeneous over the entire TPD specbum; the 
higher temperature population falls off more rapidly than that at lower temperatures. However, 
somewhat larger differences are apparent in the low temperature region than in the corresponding 
Wyodak coal char spectra 

Disfributions of Desorption Acrivation Energies. The observation that the population of oxygen 
surface complexes does not decrease evenly over the en& TPD specrmm suggests that the char 
surface exhibits a distribution of desorption activation energies. Du et al. [lo] and Calo and Hall 
[ l  11 developed distributed activation energy models for the desorption of oxygen surface 
complexes from carbons following O2 and COz gasification. In the current work, the distribution 
of desorption activation energies was calculated using the method described by Calo and Hall [I 11. 
The relationship between the instantaneous CO desorption rate and the distribution of desorption 
activation energies can be expressed as: 

d[COl/dt [C-O],S(E*)dE*/dt 

I: 

I 

where E* is the local desorption activation energy, as approximated by an instantaneous step at 
energy E*, S(E*) is the desorption activation energy probability density function, d[COl/dt is the 
desolption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (Le. 
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prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 
surface, Based on the classical work of Redhead [12], the parameters are related by: 

E*/RT=ln [uoT/p] -3.64 P I  

which holds for for 10s<u&1013 (Kl), where uo is the preexponential factor for the desorption 
rate constant, T is the temperature, and p is the heating rate. Since a TPD experiment gives the 
instantaneous desorption rate directly, and dE*/dt can be obtained from Eq. [21, the distribution of 
desorption activation energies, [C-O],S(E)*, can be determined from Eq. [I]. 

The value of the preexponential factor, uo, was assumed to be constant. A series of TPD runs was 
performed at various heating rates from 25Wmin to 100Wmin for the same oxidized char samples. 
It was determined that a value of uo = 10’O m i d  yielded the best fit in that it produced essentially 
the same energetic distribution for all the heating rates. This proved to be the best value for both 
resin and Wyodak char. Consequently, this value was used for the determination of the 
distributions of desorption activation energies. 

Figure 3 presents a comparison of desorption activation energy distributions determined for 
Wyodak coal char pyrolyzed at various temperatures. As shown, as the pyrolysis temperature 
decreases, the desorption activation energy distribution of the char also changes. A similar trend 
was also found for resin char, as shown in Figure 4. In comparison to the Wyodak coal char 
distributions, the energetic distributions for resin char samples are shifted to higher energies. It is 
noted that mineral matter (most probably calcium) in the Wyodak coal char plays a significant role 
in determining the population of the low temperature surface complexes which turn over most 
rapidly during gasification. The absolute amount of the low temperature oxygen surface complexes 
is considerably greater for Wyodak coal char than for resin char, which contains no mineral matter. 
Therefore the mineral matter in the Wyodak coal char preferentially catalyzes the formation of low 
desorption activation energy surface complexes. This represenw the basis of the catalytic effect in 
this char. This is the principal reason that the reactivity of Wyodak coal char is significantly greater 
than that for resin char even at lower gasification temperatures. 

Mean Desorption Activation Energies and Active Site Concentrations. Two important parameters 
that can be used to characterize reactivity are the apparent mean concentration of active sites and the 
average desofption activation energy. For conditions where the gasification rate is desorption rate- 
controlled, the reactivity can be correlated using the distribution of desorption activation energies. 
This is accomplished by integrating the desorption rate over the entire. distribution: 

ca 

r = Io uo exp(-E*/RT) [C-O],S@*)dE* [31 

In order to address the issue of the rate-controlling step in the current work, the following types of 
experiments were performed. Following gasification, samples were rapidly quenched to room 

, temperature in either pure helium or COP. This was done to assess whether or not the surface was 
saturated with oxygen surface complexes at gasification conditions. It was reasoned that if the 
gasification reaction was not controlled by the desorption step, unoccupied active sites would exist 
which by cooling in the reactant would form additional oxygen surface complexes as the 
temperature decreased. Consequently, the resultant TPD spectra would differ from those obtained 
following rapid quenching in helium. From such experiments it was found that gasification of both 
resin and Wyodak coal char in one atmosphere of COz is desorption rate-controlled under the 
current experimental conditions [13]. 

Equating the gasification rate expression for a single mean activation energy, E,, with that 
described by a continuous distribution, as in Eq. [3], yields: 

(i 

I 

4 
I 

Figures 5 and 6 present the apparent mean active site concentration, q, calculated from Eq. [4]. as 
a function of pyrolysis temperature for Wyodak coal char and resin char. respectively. These plots 
show that the mean active site concenaation decreases as the pyrolysis temperature of the char 
samples increases. This result means that a “younger” char effectively has more active sites than an 
“older” char on a per unit mass basis. A similar conclusion has been reported by other workers 
(e.gJ3.6.71) Since gasification occurs at active sites on which oxygen surface complexes are 
formed, a char with a higher active site concentration at low desorption activation energies will 
exhibit a greater reaction rate. 

The mean desorption activation energies determined from Eq. [41 are presented in Table I. As 
shown, they are almost constant with “age” for both resin and Wyodak coal chars. These values of 
mean desorption activation energies are similar to the apparent values determined from the 
reactivity measurements. They are also quite close to that reported for COz gasification of a PVC 
char by Hiittinger and Nil1 [141. It is clear that there is relatively little effect of char “age” on the 
mean desorption activation energy. Rather, the reactivity is controlled primarily by the active site 
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concentration, especially at the lower activation energies in the distribution. In a way, this is similar 
to the catalytic effect of metals and mineral matter on carbon gasification. That is, the catalytic 
effect in carbon gasification is predominantly an increase in the number of effective sites rather than 
the more typical catalytic effect of decreasing the effective activation energy. 

SUMMARY. AND CONCLUSIONS 
The objective of this work was to explore the relationship among char “age”. CO, reactivity, and 
thermal desorption techniques. The results indicate that the major influence of char “age” for the 
samples investigated is the concenmtion of active carbon sites, which is greater for the “younger” 
chars than for the “older” chars. There is little apparent effect of char “age” on the mean desorption 
activation energy. Comparisons of the apparent activation energies from reactivity measurements 
with those obtained from analysis of the desorption activation energy distributions show 
reasonably good agreement, which suggests that reactivities of both chars in one atmosphere of 
CO2 at the temperatures investigated are desorption ratecontrolled. 

It was determined that both chars exhibit energetically heterogeneous surfaces for all the samples 
examined. For these chars, the distribution of desorption activation energies can be. determined 
from TPD desorption specaa. Predictiodcorrelation of reactivities from the desorption activation 
energy distribution was shown to be feasible for the carbon-C02 reaction operating under 
desorption rate-controlled conditions for both resin and Wyodak coal char over the range of char 
“ages” investigated. 

It is noted that we have found very similar behavior for steam-gasified chars as a function of char 
“age” [15]. 
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Figure 1. The effect of pyrolysis temperature on CO TPD spectra (SOWmin) of Wyodak coal char 
gasified in 1 a m  of CO, at 825OC to 20% bum-off. 
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Figure 2. The effect of pyrolysis temperature on CO TPD spectra (50Wmin) of resin char gasified 
in 1 a m  of CO, at 89OOC to 5% burn-off. 
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Figure 3. Comparison of desorption activation energy distributions for Wyodak char pyrolyzed at 
various temperatures and gasified in 1 a m  of CO, at 825OC to 20% bum-off. 
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Figure 4. Comparison of desorption activation energy disuibutions for resin char pyrolyzed at 
various temperatures and gasifid in 1 a!m of C02 at 890°C to 5% bum-off. 
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Figure 5. Apparent mean active site concentration as a function of pyrolysis temperature for 
Wyodak char gasified in 1 atm of C02 at 825'C to 20% bum-off. 
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INTRODUCTION 

The relevance of thermal annealing of coals to the physico-chemical properties of the residual coke 
or char has been often addressed in the literature The emphasis is most frequently on the structural 
modifications induced by carbonization in relation to mechanical properties. More limited and 
sparse information is available on the influence of the severity of pyrolysis and of carbonization 
conditions on the reactivity of chars in the context of coal gasification 
Thermal annealing affects char gasification along two paths on one side it induces reordering of 
the turbostratic structure of coals, on the other side it affects the activity and distribution of mineral 
inclusions Both processes lead to char deactivation, their relative importance being dependent on 
the nature of the parent coal 
In this paper the effect of thermal annealing on the reactivity of char from bituminous coal in 
carbon dioxide atmospheres is investigated Experimental results are interpreted in the light of a 
simple reaction model 

I MODEL DEVELOPMENT 

The effect of thermal annealing on the reactivity of chars with carbon dioxide is afforded in a 
simplified manner. The detail of the individual processes that occur during thermal annealing is not 
considered: the whole spectrum of phenomena, including catalyst deactivation and carbon structure 
reordering, is lumped into a single deactivation step. 
It is assumed that before thermal annealing only carbon of type A is present. Along heat treatment 
carbon A transforms into a less reactive carbon, B. This is at the origin of deactivation. The two 
types of carbon, A and B, may be thought as differing by degree of graphitization, catalytic activity 
or pore structure. 
The kinetic model is based on a triangular network of reactions: 

Gaseous pmducls 

(1) the heterogeneous reaction of char A; 
(2) thermal annealing transforming A into B; 
(3) the heterogeneous reaction of char B. This 
reaction is slower than reaction (1). 
The following simplifying hypotheses are made: 
i. all reactions are irreversible; 
ii. all reactions are activated by temperature 

111. the kinetics of reactions ( I )  and (3) is first 
order with respect to the mass of A and B respectively; 

iv. the kinetics of reactions (1) and (3) is first order with respect to the concentration of the 
gaseous reactant (C02); 

v. the annealing process (2) is influenced neither by the gaseous atmosphere, nor by pressure; 
vi. the annealing process (2) is irreversible; 
vii. the kinetics of the annealing process (2) is first order with respect to the mass of A. 
At a given temperature mass balances for chars of type A and B are as follows: 

Annealing (2) 

Heal beefed char, B,., according to an Arrhenius type expression; Unbeafed w char, A 

dmA - Initial conditions: 
1) -- - m A  . k A .  pcO* + k A + B  ' m A  t=O d? 

"1RO + mBO = w O  
m,40 = w O  ' exp(-kA+,3 "HT) 

dm, - W- df - m, . k B  . pcOz - k A + B  . 

where mA, mB are the mass of type A and type B char, wg is the initial total mass of char, kA 
kg are the rate constants for the heterogeneous reaction of type A and B char respectively, pm is 
carbon dioxide partial pressure, and kA+B is the rate constant for the annealing reaction . 
Initial conditions take into account the possibility that heat treatment under inert atmosphere 
occuned for a time tHT, prior to gasification. 
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The reaction rate at zero carbon bum-of€, expressed as the rate of change of carbon conversion 
degree, f, is given by: 

At higher bum-off, solution ofthe system of equations (l)t(2), with the assigned initial conditions, 
yields the following expression for the instantaneous carbon gasification rate: 

It can be noted that the reaction rate at any bum-off is a hnction of the duration of heat pre- 
treatment (tHT) and is parametric in the value of the three kinetic constants, kA, kg and kA+B, 

The basic approach of the proposed model resembles that of a former one by Nagle and Strickland- 
Constable (NSC) (8). Formulated in 1961 to describe the oxidation of pyro-graphite at high flow 
rates, pressures of 0.2 atm, temperatures comprised between 1050 and 17OO0C, the NSC model 
took after the theory of Blyholder, Bindford and Eyrine (9) and assumed that two sites are present 
on the carbon surface, namely A, a more reactive one, and B, a less reactive one. Two 
heterogeneous reactions and one reaction of annealing were also considered, but their network 
differed from the one proposed in the present work. In particular the mass fraction of A was 
treated under a pseudo-steady state approximation. 

EXPERIMENTAL 

Experimental work has been focused on the gasification of chars with carbon dioxide. It has been 
directed to the evaluation of model parameters (kinetic constants for reactions (I), (2), and (3)). 
and to comparison with model predictions. 
Samples of South African (SA) coal, ground and sieved to the size range of 75-125 pm, have been 
carbonized in inert atmosphere at 900°C for different times, comprised between 1 and 300 min. 
Heat treated chars have, then, been checked for reactivity with C02 under standard conditions. 
Heat treatment was performed isothermally in a PL-TG1000M thermobalance after heating up the 
sample at a rate of 999Wmin. The themobalance operated at atmospheric pressure with a 50 
d m i n  flow of nitrogen. 
Standard reactivity tests were carried out isothermally in the thermogravimetric apparatus at 900°C 
and atmospheric pressure, with a 50 mVmin flow of carbon dioxide. Reaction rates have been 
expressed as rate of change of carbon conversion degree throughout the paper. 

RESULTS 

ikperimntal results 
The dependence of the instantaneous reaction rate df/dt on carbon burn-off, f is shown in figure 1. 
Data are relative to SA coal heat treated at 900°C for different tHT. Notably. reaction rate 
corresponding to different tHT converge at D0.55. The interpretation of these curves is deferred 
until Model results and vali&tion. 
The effect of tHT on char reactivity at 0% bum-off is reported in figure 2 for char heat treated at 
900°C for tHT comprised between 1 and 300 min. Reaction rates at 0% bum-off have been 
evaluated from dfldt versus f curves of figure 1 by linear extrapolation of data up to 1OOh bum-of€, 
A non linear decrease of initial char reactivity with duration of heat treatment is observed. 
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Evaluation of model parameten 
Model parmeters have been evaluated from reactivities of samples heat treated at 900'C for 
dierent m. 
The reaction rate constants of the heterogeneous reactions of type A and B char have been 
evaluated from dvdt versus f curves of samples heat treated for 1 and 300 min respectively (fig.]). 
The rate w m t  kA has been assumed equal to the extrapolation to O?h bum-off of the first 
curve, using data points corresponding to O<f<O.l; the rate constant k ~ ,  instead, has been based on 
the extrapolation to O?/o burn-off of the second curve, using data points corresponding to f M.65. 
The annealing constant has been evaluated from instantaneous reaction rates at O?h burn-off of 
samples heat-treated for different tHT (fig.2). On the basis of equation (3) of the model, once the 
rate coIlstants kA and ICB are known, regression analysis of data in figure 2 yields the amdtng  
Constant kA+B. Accordingly, kA+B turns out to be about 0.02 Il'lin-l. The best fit curve through 
the data is reported in fig. 2. 

Model resufts M d  vdidobon 
Figure 1 compares computed profiles of gasification rate versus bum-off with those obtained in 
experiments using different tHT. Fair agreement of model prediction with experimental data is 
observed. It can be noted that at f<0.55 reaction rates are higher and fall off quicker, the shorter 
the heat-treatment, while at B0.55 curves corresponding to different tHT converge, and reactivity 
appears no longer influenced by the duration of heat-treatment. 
The convergence of curves relative to different tHT can be explained considering that in the first 
stage both annealing of carbon A, and char oxidation are active at the same time, whereas, once 
carbon A is depleted, oxidation of carbon B remains the main process active. 
Notably, the occurrence of gradual transition from the reactivity of char A to that of char B, rather 
than a stepwise drop of reaction rate, is a consequence of the fact that the time scale over which 
annealing takes place at 9OOOC is comparable with those of the heterogeneous reactions 1) and 3). 
On the contrary, the pseudo-steady state approximation invoked by the NSC model implied that a 
stationary value of mass fraction of A was reached over a time scale much shorter than that of the 
gasification reaction. 
On account of the closeness of annealing and gasification time scales at temperatures around 
9OO0C, it can be argued whether annealing is the key factor for the evolution of char reactivity 
throughout conversion. 

DISCUSSION 

A rough order of magnitude evaluation of the time scale of the annealing process as compared with 
those of reactions with oxygen and carbon dioxide over a wide range of temperatures will be 
attempted in the following. 
A kinetic constant of annealing of 0.02 min-l has been evaluated at 900°C in this work. 
Accordingly the time required to transform the 95% of mass A into B would be approximately 140 
min. Estimates of time scales of annealing at different temperatures are directly or indirectly 
provided in a number of papers (1,3,7). All these points have been located in the diagram of figure 
3, reporting the process time scale versus reciprocal absolute temperature. 
The solid line in figure 3 has been simply obtained by extrapolation to different temperatures of the 
annealing time evaluated in the present work at 900°C. The activation energy value of 97000 
cdmol has been used in the extrapolation. This value is that suggested by NSC and lies within the 
broad range of activation energies for annealing proposed in the literature (between 20000 (2) and 
200000 (9) caUmol ). 
The analysis is pursued hrther by comparing the time scale of annealing with those of the C-02 
and G C 0 2  reactions. 
In figure 3 a characteristic time of reaction, defined as the inverse of the reaction rate (dOdt)pO, is 
also plotted as a function of 1TT. Plots are relative to heterogeneous gasification of SA char with 
carbon dioxide and with oxygen in air, and have been obtained from extrapolation of experimental 
data at 1173K (IO) and 693K (11) respectively. Activation energies suggested by Salatino et al. 
(IO) and D'Amore et. al (11) (45000 caVmol for reaction with carbon dioxide and 29000 caVmol 
for reaction with oxygen) have been assumed. 
The limitations of the comparison afforded in figure 3 lie, on one side, in the considerable 
uncertainty xi regards the activation energy of annealing, and, on the other side, in the inadequacy 
of extrapolations of intrinsic kinetic data to temperatures where diffusion resistances may be 
relevant. Being aware of all the above approximations, it can be speculated that: at temperatures 
lower than 1173 K the rate of annealing is lower than the rate of reaction with both CO2 and 02. 
At about 1800K the time of annealing and the time of reaction with oxygen we comparable, 89 
Davis et al. (7) found experimentally, and both are shorter than the time of reaction with carbon 
dioxide. At temperatures typical of entrained coal gasification processes (>18OOK) the time scale 
of thermal annealing should be shorter than the timascale of both gasification reactions 
considered: under these conditions, neglecting annealing when estimating reaction ra te  for 
entrained coal gasification processes may lead to serious overestimation. 
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CONCL. USIONS 

A very simple approach has been undertaken to clarify the interactions between annealing and 
gasification reactions. A model based on a triangular network of reactions shows some ability to 
match experimental reactivity profiles over the entire range of carbon bum-offs. 
A pronounced &ect of the heat treatment of coal on the reactivity of its char towards C02 has 
been observed at the temperature of 900°C. Under the experimental conditions investigated 
thermal annealing OCCUR over time scales comparable with those of gasification reactions. 
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INTRODUCTION 
The novel allotrope of carbon, fullerene is a molecular analogue to the other form of s$ hybridised 
carbon, graphite. In our general attempt to understand the carbon-oxygen reaction at an atomic bvel 
we use fullerenes as reference compounds in oxidation studies as they will not exhibit influences Of 
electronic defects on the reactivity. The van der Waals crystals of Cm and of C ~ O  can be prepared by 
slow sublimation with single crystalline quality and in absence of any detectable phase impurity due 
to the molecular separation procedures for the sublimation precursors. It is equally convenient to 
work on thii films of fullerenes on e.g. silicon (100) surfaces, on large single crystals and on 
sublimed powder. 
Solid fullerenes are air-sensitive materials. They degrade quickly within minutes into a stage of 
reduced solubility and become eventually fully polymerjsed upon air/sunlight exposure at 300 K(1). 
This property is reminiscent on coal degradation, a process in which a variety of gases are released at 
low rates. We fust investigate this initial step of reactivity of fullerenes with air using temperature- 
programmed methods. 
Upon thermal treatment gasification sets in at 573 K with a steep increase in rate at 720 K (2). We 
will investigate the steps of oxygen activation and fullerene attack in this window of low reactivity by 
FT-IR , by X-ray absorption spectroscopy and by XPS. 
The pattern of gasification in temperature-programmed TG-MS experiments will be compared for 
the C, fullerene and several other carbon materials in order to evaluate on the validity of the 
fullerene oxidation as model for the graphite oxidation reaction. 
Intercalation of oxygen into the octahedral voids of CSO crystals was found to proceed without 
oxygen dissociation at 300 K (3). The process was described as being reversible at 300 IC 
Polymerisation of CSO at 300 K was observed to proceed to 80% in seven days under oxygen 
containiig 2.6 % ozone (4). Photo-oxidation at 300 K was investigated with a thin film of C,. An 
intermediate di-carbonyl structure of a fderene dioxide was suggested based upon an IR ahsorption 
at 1750 cm-I. A second broad absorption at IO00 cm-1 remained largely unexplained (5). 
High-temperature oxidation of Cm was found to begin at 525 K. IR bands at 1780 cm-1 were 
assigned to cyclic anhydrides, a second feature at 1590 cm-1 to isolated C=C double bonds. 
Additional discrete peaks at 1102 cm-1, 1037 cm-l and 958 cm-l which are superimposed on a 
broad intense background remained unassigned (6). The possible presence of the fullerene monoxide 
as epoxide structure can be ruled out on the basis of the absence of its single intense fingerprint peak 
at 867 cm-I. The reactivity of fullerenes and graphitic carbons against oxidation in air was studied 
with kinetic methods (7). Several batches of Cm showed different quantitative reaction behaviour but 
produced a l l  a mixture of CO and C@ in a two-peak reaction profde centred around 730 K. A 
significant weight uptake in oxygen of 0.73 mole oxygen per mole fullerene was detected at lower 
temperature than the reaction onset occurred. Intercalation of C@ during attempts to determine the 
surface area was observed whereas dinitmgen did not intercalate. We have previously studied the 
interaction of oxygen with fullerenes using a variety of methods. The correlation of these data with 
kinetic observations is described in a recent review paper (8).\The present work contains new results 
which are based upon the observation that the pre-history of the material plays an essential role in its 
gas-solid interface chemistry. Contrary to the basic expectations, the defect structure of the 
molecular crystal controls the intercalation of gases into the void system of the crystal and pre- 
determines the low-temperature reaction to oxygen-adduct precursors and controls the degradation 
of the molecular crystal by oxidative polymerisation. For this reason, even air-exposure for minutes 
causes irreversible damage to a fullenme crystal and generates an illdefmed initial status for a 
reaction experiment AU sample preparation and fullerene manipulation was canied out with freshly 
sublimed material in a glove box with a controlled level of less than 1.0 ppm of oxygenate 
contamination. This Veatment gave quantitatively reproducible data with no differences in 
characteristic parameters between sample batches and minimised the weight uptake prior to  
oxidation. In this way characteristic differences between C, and C ~ O  became apparent as the 
different fderene structures cause differences in reactivity which are smaller, however, than the 
spread in properties due to illdefied materials. The &-induced degradation destroys the molwular 
nature of the fullerene crysral first before more obvious effects like the accumulation of oxides can be 
detected spectroscopically. 

RESULTS 
INTERCALATION OF OXYGEN 
Clean fullerenes were transferred in a TDS apparatus and exposed in-situ for 24 h to synthetic air at 
ambient pressure. The results of the following TDS are shown in Figure 1 for the two fullerenes. The 
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two experiments first show that both fullerenes can intercalate a large amount of AI during storage 
at 300 K. They further intercalate oxygen which replaces partly the Ar during exposure to air at 300 
K. Furthermore, the oxygen reacts with the carbon skeleton under formation of labile C-0  

Figure 1. TDS profiles of fullerenes stored under Ar 
afer exposure to air at 300 K and ambient pressure. 
The linear heating rate was 0.27 Ws. Desorption 
occurred into UHV. The sample size was with 10 mg 
identical for both experiments. The experiments were 
halted at 623 K due to beginning sublimation . The 
absence of nitrogen under the d e  28 peak was 
checked with the absence of an d e  14 peak. The 
high pressure experiment (bottom plot) was carried 
out with a different sample holder and a different 
sample mass. Note the reduced scale for the d e  32 
peak 
groups or even under formation and intercalation of 
CO as can be seen from the d e  28 traces. This 
reactivity is quite different for the two fullerenes with 
CSO being more stable, as expected from its more 
,,aromatic" and highly symmetric valence electronic 
structure. Above 450 K both fullerenes react in a 
thermally activated form with oxygen which was not 
evolved at 400 K 1380 K respectively. This oxygen 
seems to be present in a more strongly bound and 
already activated form(epoxide) converting into 
gasification products at temperatures well below the 
literature values of gasification activity (2.6.8). The 
shapes of the desorption profiles indicate different 
reaction orders caused by thc different relevance of 
bulk diffusion terms on the overall process. The 
spherical symmetry of Cm giving rise to isotropic gas 

diffusion is more suitable to enclose a l l  gases irrespective of their chemical nature (Ar and di- 
oxygen), for the uniaxially elongated c70 molecule the gas diffusion in its solid is anisotropic but the 
chemical interaction seems less efficient as evidenced by the lower initial desorption temperature. 
The fact that the noble gas desorbs at higher temperatures than the di-oxygen can be accounted for 
by the different location in the crystal. The oxygen is intercalated in an outer shell of each crystal, the 
Ar evolves from the inner core. In addition, it has to penetrate the damaged regions of the fderene 
crystals which occur as consequence of the partial gasification. As the precursor to the gasification k 
molecularily disperse, this reaction is not topotactic and attacks every molecule within the shell of 
intercalation. A large number of partly oxidised molecules with dangling bonds and reactive C=C 
fragments will remain which can stabilise themselves by polymerisation into a three-dimensional 
network of non-planar basic structural units. In the presence of oxygen these defective fullerenes are 
activated precursor structures for enhanced gasification. 
Raising the total pressure of air to 10 bars causes the reaction front to move deeper into each crystal 
This is illustrated for C ~ O  where the di-oxygen desorption occurs at the same position but with a 
much higher intensity than after exposure at one bar. The ,aoise" on the Ar trace indicates the 
eruptions of the gas protruding through the now dense solid-solid reaction interface between 
oxidised and intact fullerene. It is noted that the fraction of di-oxygen which is activated to cause 
gasification is not changed by the total pressure which only increased the abundance of molecular 
oxygen intercalated. 
In all these experiments the evolution of C@ is low but begins exactly with the evolution of di- 
oxygen. This indicates that only few fullerene molecules are more deeply oxidised than to the 
carbonyl stage. The fact that in all experiments a rise in the C G  partial pressure above 500 K is 
observed, indicates that a second process of oxidation requiring a higher thermal activation occurs 
and that a significant amount of oxygen which does not recombine to di-oxygen, resideswithin the 
fullerene crystals. It was verified that this sequence of events is independent of the optimised low 
heating rate. 
The observation that CSO holds gas molecules more strongly than C,o was verified in a static 
experiment proving the ability of the system to intercalate molecular CO in the same way as 
molecular oxygen. Ar-loaded fullerenes were degassed with He at 573 K in-situ in a hi& pressure 
DRIFTS cell and exposed to 5 bar CO at 400 K for Ih. Both intercalated species show a red shift 
(2125 cm-1) to the gas phase (2170.21 cm-I) and CSO an extra shift of 5% which is in the expected 
order of magnitude according to the TDs experiments. This experiment is a chemical probe for the 
overall weak bonding interaction between fullerene host and diatomic guest molecules. 
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ELECTRONIC STRUCWFG OF OXO-INTERMEDIATES it 
Photoemission and photoabsorption with tuneable excitation wavelengths were used to study the 
chemical bonding of the intermediates causing the CO emission at 370-400 K and the enhanced c a  
emission at 570 K. The valence band electronic structure of both fullerenes is characterised by a 
sequence of well-resolved molecular states which were probed with 100 eV excitation energy to 

Figure 2: Valence band spectra of fullerene film in their 
pristine state and afrer oxidation at 570 K in 500 mbar 
oxygen (in-situ experiments). The data were recorded at 
the SX700 I beamline at the BESSY synchrotron. The 
Fermi edge was calibrated with a gold sample. 
ensure a minimum cross section modulation of a and x 
states. This situation is not drastically altered upon 
intercalation of oxygen at 300 K and heating up to 400 K 
where already significant chemical reactivity was detected 
by the bulk-sensitive TDS technique. This implies that the 
average surface structure is containing up to 400 K still a 
large abundance of intact fullerene molecules. As can be 
seen in Figure 2, the surface undergoes complete 

polymer structure with extended electronic states 
chamcterised by a resonance at 4.6 eV and a broad band 

around 9.5 eV. These peaks are not those of graphite (2.8 eV and 7.5 eV) but belong to oxygenated 
(O2p emission at 4.6 eV) partly unsaturated carbon-carbon bond systems. The corresponding C 1s 
XPS data show three structures at 285.6 eV for the carbon-carbon skeleton (not graphitic, would be 
at 284.6 eV) and at 287.1-eV and 289.2 eV for oxygen-carbon single and double bonds. This 
classifies the chemical reactioa leading to CO emission as a process creating mainly defective 
molecules such as holey fullerene cages with some oxygen functionalities at the empty co-ordination 
sites. Further thermal treatment is required to remove the C-0,functions under C@ evolution and to 
create free carbon co-ordination sites which are saturated by ho'nio-polymerisation with either intact 
molecules (they act as electrophilic unsaturated entities) or with neighbouring damaged cages. The 
abundance of oxygen functionalities is larger on C ~ O  than on C ~ O  although both species give rise to 
exactly the same spectral positions indicating the close similarity of the chemical bonding. 
The modified reactivity of oxygen at different temperatures should be reflected in different chemical 
bonding of the oxygen precursors which must be present in a more reactive form at 370 K than at 
570 K. X-ray absorption spectroscopy is well-suited to prove this as it is element-specific and offers 
high chemical selectivity. The discrimination of the chemical structure of the oxygen precursors at 
the two temperatures is shown in Figure 3. At 370 K a sp ies  with oxygen single bonds well- 
compatible with an epoxide (but no peroxide) or an ether structure is detected. The characteristic 
feature for this is the low intensity of the A* resonance indicating the hybridisatiodoccupation of 
these states. At 570 K the oxygen is bonded via double bonds as can be seen from the now 
prominent X*  resonance at 532 eV. 
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Figure 3: X-ray absorption spectra at the 0 1 s  edge of CS, film 
oxidised at 370 K and 570 K in 500 mbar oxygen for 10 h each. 
The absence of any detectable oxygen after exposure of the film at 
300 K indicates that the chemical bonding of intercalated 
molecular oxygen was too weak to prevent desorption of the 
surface-near layers in the UHV of the spectroscopy experiment. 
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DYNAMICS OF THE OXIDATION 
In-situ DRIFTS spectroscopy was used to investigate the 
participation of the two oxo-intermediates in steady state reaction. 
The lowest possible temperature at which steady state conversion 
occurred with both fullerenes was 570 K. At this temperature the 
samples were exposed to 250 d m i n  synthetic air and spectra were 
recorded as difference spectra to the initial state. In previous 

experiments it was shown that also at 470 K the formation of additional IR absorptions around 750 
cm-1 and loo0 cm-1 occurred which is in agreement with the formation of carbon-oxygen inseaion 
precursor compounds. The data in Figure 4 provide clear evidence for the formation of several 
oxygen-containing intermediates which are present under steady state oxidation. The low 
temperature was chosen to allow sufficient data to be accumulated for verification of the steady 
state. The spectra indicate the same functional groups to be formed than detected in a recent study of 
oxidised carbon blacks (9). The spectral quality is, however, much better in the present case due to 
the detection of in-situ spectra (without intermitting the oxidation process and without dilution of the 
carbon materials). 
We observe a split carbonyl band around 1750 cm-1 indicating the presence of other C=O groups 
besides the cyclic anhydrides for which the high frequency of the absorption is characteristic. The 
1580 cm-1 band for isolated double bonds is very prominent and occurs in both fullerenes with the 
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solubles with toluene, E= activated carbon Norit A, F= graphitic electrode deposit (nanotubes). 
same intensity irrespective of the quite different initial electronic structure. The negative sharp bands 
arise from the loss of molecular fullerene abundance in the gasifying samples. We note that in the 
non-extracted fullerene black the molecular fullerenes are oxidised preferentially over the other 
carbon as the bands of Cm occur as negative pattern. The molecular bands are superimposed on a 
broad structure peaking at IO00 cm-I, which was observed in all oxidation studies of fullerenes ( 6 3 )  
and with oxidised carbon blach (9). C-0 single bond features and the fmgerphts of C-C overlap 
here with high frequency aromatic substitution bands. Such bands occur further at lower frequencies 
of about 900 cm-1 and 750 cm-1. AU these features were also detected in the carbon black oxidation 
study (9) and are discussed there with respect to the previous literature. The perfect agreement of 
the spectral features between all materials with nominally only sp2 bonding clearly reveals that the 
reaction mechanism detected in detail for the model compounds of fullerenes should qualitatively 
apply for planar sp2 carbon materials. 

GASIFICATION OF NLLERENES 
Temperature-programmed gasifcation data were obtained from TG-MS experhen& in synthetic air 
(250 ml/min, 5Wmin heating ramp). The results for Cm are displayed in Figure 5. 

Figure 5: Combined TG-MS gasification experiment of 2.5 mg 
Cm in synthetic air. A horizontal sample pan with a specially 
directed gas supply and a high throughput ensured the absence 
of mass transport limitations. A special mass-spectrometer of 
the IMR-MS type allows to monitor the selectivity without 
interference with detection of molecular nitrogen and without 
fragmentation overlap. Note the log ordinate in the MS 
resoonse dot. The weinht uotake before pasification is low due * '  . , .  < . , -  
to the high crystal quality of the material which w m  not air- 
exposedprior to the gasifcation experiment. 

\ The eas evolution curve indicates the onset of easification at 
* 

carbon samples which gasified der our ex&xhental conditions all in a double-peak fashion with a 
slower initial rate and an accel-ah reaction, the fullerene gasifies also in a two- 
step sequence (7) but with an accelera event. This is taken as indication for the action of the 
accumulated precursor compounds which leave a large number of defective fullerene molecules after 
cage-opening oxidation steps. The DTG curve (not shown) reveals that about 20 '3% of the total mass 
burns with the accelerated rate. This amount of material coincides with the number of molecules in 
the skin of oxygen penetration under ambient pressure which was shown to exist in the data of 
Figure 1. 

THE REACTION MECHANISM 
The observations indicated above and results from kinetic experiments (2.8) can be combined in a 
sequence of events for the fullerene oxidation. It is pointed out that no qualitative difference was 
found for the two molecular fullerenes and the D m S  data indicated that the mechanism should 
also apply for other sp2 carbon materials. A schematic representation is given in Figure 6, for 
energetic details see ref. (8). 
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Figure 6: Schematic diagram of the sequence 
of events in fullerene oxidation: The end 
products besides CO and C02 are fullerene 
oxides, a homopolymer and carbon oxides 
with defective fullerene structures. The 
control variables are oxygen partial pressure 
and temperature. 
The reaction starts with an intercalation of 
molecular oxygen into the van der Waals gaps 
of the molecular solids. With little thermal 
activation dissociation occurs and labile 
epoxides are formed besides activated atomic 
oxygen which will react with other 
electrophilic centres on the fullerene 
molecules. As long as the temperature is kept 
low (370 K) and the oxygen partial pressure 
remains present, the epoxides will be retained 
as fullerene oxides (epoxide or oxygen 
insertion compound). These materials are, 
however, not stable and will eventually react 
under, ring opening and CO evolution to a 
defective fullerene molecule. Stabilisation of 
this state will occur at low oxygen pressures 
by homo-polymerisation. At higher partial 

pressures oxygen will be inserted in the form of e.g. cyclic anhydrides. Above 470 K these structures 
will evolve C a  and cause ring opening in the already attacked fullerene molecule. Should the 
oxygen partial pressure be low again (e.g. in TDS experiments, or during thermal processing), 
stabilisation by polymerisation will occur. At still sufficient partial pressures of oxygen carbonylation 
of the defective structure (5 )  will follow which remains as metastable product up to 570 K but which 
gasifies readily at higher temperatures entering a reaction loop ending with complete combustion (6). 
The reaction product of a polymer will not occur frequently with planar carbons (pinning defect) but 
the other products as well as the control variables do also occur with conventional carbon materials. 
The non-planar bonding geometry of the fullerene surface leads to an accumulation of the metastable 
intermediate products of carbon oxidation as they are formed at lower temperatures than on planar 
surfaces. For this reason it was possible to observe these intermediates in convenient abundance (9) 
for spectroscopic characterisation. At higher temperatures of above 700 K whek gasification rates 
become significant for all carbon materials (7) the abundance of the incrmediates will be much 
reduced also for fullerene carbon. Their ease of formation may, however, affect the overall kinetics 
detectable in macroscopic gasification experiments (7) as illustrated with Figure 5. The relevance of 
molecular intercalation of oxygen in graphitic carbon and the eventual localisation in between 
graphene galleries or at defect sites is currently under study. The higher temperatures required for 
intercalation in graphitic carbon than for fullerene carbon renders any detection with structural 
methods difficult as can be estimated from the localisation (IO) of the extra oxygen in Cso . 
In conclusion, the different topologies of curved fullerenes and planar sp' carbon cause a different 
abundance of oxo-intermediate compounds at low reaction temperatures. The higher chemical 
energy of the curved fullerenes allows for a lower activation energy for intermediate formation as 
well as the total ,,internal" surface of the fderene crystal reacts as compared to the low abundance 
of reactive prismatic surfaces in planar carbon. High quality spectra were accessible for the 
intermediates allowing to observe some atomistic details of the carbon oxidation process. 
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Abstract 
Two purification metho& of nanotubes from a cathode deposit by an arc plasma were 

conducted by means of different oxidation rates of various graphites. One was chemical and 
the other physical method. Both could purify nanotubes at their optimum conditions. In the 
former, the catalytic oxidation was used of graphite materials by copper. Copper supported 
graphite was prepared by the intercalation of copper chloride and by the reduction to metal 
copper. The catalytic oxidation decomposed the graphite at 773 K and less. The temperature 
was significantly lower than the oxidation temperature former reported of graphite, which 
enabled purification. In the latter, dispersion, comminution and filtration of a cathode deposit 
in ethanol were used to separate coarse graphite. The rate of weight loss by oxidation 
increased with the decrease of size of the graphite. Nanotubes were more slowly oxidized 
from the edges than the graphite of the same size. This could purify nanotubes. 

1. Introduction 
Carbon nanotubes were first observed by Iijimal) in cathode deposits produced by an arc 

plasma method. They are completely novel carbon materials which have the property of either 
metal or semi-conductor according to the diameter and helical pitchz). Carbon nanotubes are 
also expected to have about two order higher fracture strength than that of commercial carbon 
fibers due to few defects in carbon crystal structures. Other carbon materials like graphite 
and amorphous carbon existed together with carbon nanotubes in the cathode deposit. 
Different from C60, carbon nanotubes are not dissolved in any organic solvent. Carbon 
nanotuks have to be purified from these carbon materials not only to analyze the properties 
but also to utilize the unique properlies for industrial applications 

Some methods3)d) were proposed for the purification. These methods were based on 
oxidation methods. But carbon nanotubes and other carbon materials in cathode deposits are 
not considered that they have much different oxidation rates. Some process was inevitable to 
enlarge the difference of oxidation rates between carbon nanotubes and the other carbon 
materials before oxidation. Two such methods were developed in our group; one was 
chemical,the other physical method. 

2. Experimental procedure 

2.1 Sample 
In chemical method, graphite powder(Nippon Carbon Co., SAD-4) was used for a model 

graphite. The diameter ranges from #IO0 to #325(about 44-149km). Crude nanotubes, i t .  
as-prepared cathode deposits were purchased from Shinku Yakin Co. or were prepared by an 
arc plasma in our laboratory. The weight percentage of nanotubes contained in the cathode 
deposit was not known. 

2.2 Basic idea of both methods and procedures 
chemical method The ChemiGll method is based on the concept that graphite 

intercalation compounds(G1C) are not synthesized in the case of carbon nanotubes because of 
the rigid structure of carbon nanotubes. Some metals like copper, molybdenum and so on 
catalytically oxidize graphite7) at a rather low temperature. When graphite materials in 
cathode deposits intercalate such metal, for instance. copper, carbon nanotubes are expected to 
be purified at a rather lower tmpeI'ature. Fig.1 is the procedure of chemical purification 
method. In our experiment copper was selected as a catalyst. Copper chloride-intercalated 
graphite(CuCI2-GIC) was prepared, followed by the reduction of chloride to metal copper, 
because copper-intercalated graphite was not obtained directly and chloride-intercalated 
graphite was stable in the air. Copper chloride-intercalated graphite was reduced either by gas 
phase containing hydrogen at 773 K for 1 hour or by metal lithium in THF containing 
naphthalene at room temperature for 1 week. Thus prepared graphite is hereafter called as 
copper supported graphite. 

on the diameter of the material. There were various kinds of carbon materials in as-prepared 
cathode deposits, some of which were rather coarse graphite particles with lower oxidation 
rate than carbon nanotubes. Only very small portion of existing carbon nanotubes would 
survive when the as-prepared cathode deposits containing carbon nanotubes,amorphous 
carbon and graphite materials, were oxidized all together. Separation process is necessary of 
rather coarse carbon materials, i.e. coarse graphite from the as-prepared cathode deposit 
before oxidation process. Schematic procedure of the physical method is shown in Fig.2. 
Dispersion in methanol, classification by centrifugal forces and comminution in methanol of 

f&idm&& Basic idea is that the apparent oxidation rate of carbon material depends 

I 
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cathode deposits were utilized to separate graphite particles with larger Stokes' diameter than 
carbon nanotubes. Then purified carbon nanotubes would be obtained by higher oxidation 
rate of the cathode deposits with equal and smaller Stokes' diameter than carbon nanotubes. 

2.3 Characterization 
Particle size distribution was measured bv centrifugal settling ohotoextinction - -_  

method(Shimadzu SA-CP3). 
Thermogravimetric analyzer(Shinku rikou, TGD 9600) measured the oxidation rate of the 

cathode deposits remaining in each separation step in the physical method and of graphite and 
copper supported graphite in the chemical method. The sample weight was usually ca. 10 
mg, but was c a  2 mg in the case of the cathode deposit remaining in each separation step in 
the physical method. Temperature was raised at a rate of 10 Wm. 

deposits and of purified carbon nanotubes. 

,graphite,copper chloride-intercalated graphite and copper supported graphite. 

3. Results and discussions 

3.1 Chemical method 
Copper chloride-intercalated graphite(CuC12-GIC) and copper supported graphite were 

identified by XRD profiles as shown in Fig.3. Oxidation rate measured by 
Thermogravimetry (TG.) is depicted in Fig.4. Copper supported graphite was oxidized at a 
considerable rate at the low temperature of 673 K. 

Copper particles in the cathode deposits after the reduction by hydrogen seemed a little 
larger than those by metal lithium. The reduction by metal lithium was therefore considered 
better for the purification of crude nanotubes. 

Oxidation was examined from 673 to 873 K Fig.5 shows the photographs at the 
oxidation temperature of 773 K. Even at the low temperature of 673 K carbon nanotubes 
could also be purified. The temperature was ca. 350 K lower than that of Ebbesen's method. 
The chemical method needs some reagents and takes time, but is very easy to be conducted. 

3.2 Physical method 
Figs 6 and 7 show the particle size distribution and oxidation rate of as-prepared 

cathode deposit and the cathode deposit remaining in each separation step. Apparent 
oxidation rate increased with the decrease of the particle size distribution of the remaining 
cathode deposit. The apparent activation energy also decreased with the decrease of the 
particle size distribution. 

Purified carbon nanotubes are shown in Fig& which shows this method could separate 
graphite from the as-prepared cathode deposit. The oxidation temperature of 823 K. The 
temperature was about 200 K lower than that of Ebbesen's method. One of the defects in this 
method is rather tedious and needs skill. 

4. Conclusion 
Two purification methods were proposed of carbon nanotubes from as-prepared cathode 

dep0sits;one was chemical, the other physical method. Followings are the results induced. 
(1) Both methods purified carbon nanotubes from as-prepared cathode deposit. 
(2) The oxidation temperature was greatly lower than that of Ebbesen's method; ca. 350 K in 
chemical method and 200 K in physical method. 
(3) Any process was inevitable to enlarge the difference of oxidation rate between carbon 
nanotubes and the other carbon materials containing in as-prepared cathode deposit. 
(4) Optimization of the two methods is still necessary according to the. varying property of as- 
prepared cathode deposit. 

SEM(Hitachi, S-800 with EDX) was used for observation and element analysis of cathode 

XRD(Phi1ips PW1800) was used to measure the crystal structure of cathode deposit 

Oxidation was also conducted with Thermogravimetric analyzer. 
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Fig.5 SEM photographs at the same position of cathode deposit at the oxidation 
temperature of 773 K (left; 773 K lh ,  right 773 K 3h in Chemical method) 
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Fig.6 Particle size distribution of cathode deposit remaining in each separation step 
of physical method(Symbols(B-F) correspond to the symbols in Fig.2) 
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Fig.7 Oxidation rate of cathode deposit remaining in each separation step 
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Fig.8 SEM photograph of cathode ' 
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Introduction 

Carbon nanotubes synthesized using arc discharge evaporation method always include 
graphitic carbon, amorphous carbon and carbon nanoparticles. The purification step is needed to 
precisely characterize the physical and chemical properties of nanotubes and to study the 
application of those. Recently, the purification of nanotubes by the gasification with oxygen'). *) 
or carbon dioxidG) was carried out. However, few studies on the mechanisms of gasification of 
carbon nanotube-containing materials have been reported. In this study, the gasification 
behaviors of nanotubecontaining materials and nanotubes were investigated by fixed point 
observation techniques with scanning electron microscope (SEM) and transmission electron 
microscope (TEM). 

Experimental 

Materials 

Samples synthesized by arc-discharge evaporation method (Vacuum Metallurgical Co., Itd., 
Type-3) in National Institute of Materials and Chemical Research were used. The conditions of 
synthesis were DC voltage of 18V and He pressure of MOTorr. An inner black core of the 
cathode product was picked up. Then, the core was crushed and dispersed in methanol with the 
use of a sonicator. The sample recovered as a float was used as raw materials in this study. 

Gasification 

The gasifiation of sample was carried out in a thermo-balance (Shinku Riko; TGD-7000). 
After evacuation and substitution with Nt gas, sample was heated up to a desired temperature 
with Nt flow. Then, reaction gas was introduced into the reactor and the gasification of sample 
was initiated. The experimental conditions were as follows : oxygen (l,lOvol%) ?73K, 823K, 
IOUK, 1073K; carbon dioxide (lOOvol%) 1173K. 

SEM and TEM observations 

A series of SEM observation and gasification of sample was carried out as follows. The mw 
materials put on Si wafer was observed with SEM and then set in the thenno-balance. After the 
sample was gasified for a desired reaction time, the area selected by the previous observation was 
observed with SEM, again. These procedures were repeated several times. The SEM used was 
JEOL JSM-5300. In the case of TEM observation, sample was put on copper grid (1100mesh). A 
series of TEM observation and gasification of sample was essenntially similar to the case with 
SEM mentioned above. TEM observations were carried out using JEOL 1200EX at ACCV of 
1oOkV. In these experiments, more than 10 fields were observed and more than 50 photograghs 
were taken for each sample. It is very important to observe many fields because microscopic 
observations are apt to give prejudiced informations. 

Results & Discussions 

Reactivity 

Nanotube-containing materials were gasified in a thermo-balance. Figure 1 shows the 
gasification profiles obtained under various conditions. The reactivity of sample toward oxygen 
was so high that about Wwt% of sample was gasified in Smin at conditions of 1M3K and 
lOvol% of oxygen. The activation energy for oxygen gasification was estimated as about 
140kJhol. The gasification profile of sample in carbon dioxide was somewhat peculiar. The 
conversion was smoothly increased up to around 7Owl%, and the gasification was seemed to be 
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saturated after that 

Gasification behaviors of nanotube-containing materials 

A series of SEM observation and gasification of sample was repeated several times. Figure 2 
shows the SEh4 photographs of raw material and the samples parhally gasified. The gasification 
temperature was 1023K. Besides carbon nanotubes, many large lumps of carbon and many 
carbon nanoparticles were observed in the raw material. As the reaction progressed, other 
carbonaceous materials were gradually consumed and only carbon nanotubes were remained at 
Smin of reaction time. This is due to the difference in the reactivity between carbon nanotubes 
and other carbon materials. In the course of gasification, many tubes were newly appeared from 
lumps of carbon materials. Careful observations revealed that not only other carbonaceous 
materials but also carbon nanotubes were damaged by oxygen gasification. Figure 3 shows the 
results obtained at 823K. The total conversion was about 90wt%. No remarkable difference in 
the gasification rate between other carbon materials and nanotubes was observed. Therefore, 
considerable amount of other carbon materials were remained in the sample gasified. It may 
safely be said that it is better for the efficient recovery of nanotubes to gasify raw material with 
oxygen at a high temperature such as 1023K than at a low temperature of 823K. In the case of 
C G  gasification at 1173K. as the reaction progressed, large lumps of carbonaceous materials 
were gradually gasified just like the case of oxygen gasification. A number of carbon 
nanoparticles, however, were remained in the sample. Further purification step will be needed. 

Gasification' behaviors of nanotubes and nanoparticles 

To clarify the gasification behaviors of nanotubes and nanoparticles, a series of TEM 
observation and gasification of sample was repeated several times. The gasification temperature 
was 1023K. A wide variety of gasification manners of carbon nanotubes were observed. It was 
often recognized that the gasification of nanotube was initiated from the cracks, defects and 
strains in nanotubes. Other typical gasification manner was shown in Figure 4. It can be seen 
that nanotube was gasified from the tip of the tube. This gasification manner was often observed 
in this study and reported by Tang et al.3). The diameter of tube was reduced from 18nm to 
1 lnm near the tip (point-A) and from 20nm to 15nm at point-B in 5 seconds. From these results, 
the gasification rate of carbon nanotube is able to be measured directly. A carefull observation 
showed that the tip angle of closed layer near the cap was enlarged as shown at point-C. Figure 
5 shows the gasification manners of tubes and particles. In this field, many nanoparticles were 
observed as shown in Figure 5a At Ssec of gasification time, some nanoparticles were 
considerably damaged and outer layers of some nanotubes were stripped off. Finally, almost all 
the nanoparticles were gasified at lOsec. The gasification rate of the irregular-shaped particles 
was higher than that of smooth-faced panicles. 

and 7. As the reaction progressed, the outer layers were transformed to amorphous and the 
spacing of the lattice was enlarged (Fig. 6).  I t  was commonly observed that relatively thin tubes 
just as pointed by arrow in Figure 6 were swelled by the oxidation. The pitting formation by the 
oxygen gasification was sometimes recognized on the cylindrical outer surface of tubes (Figure 
7). As a whole, no obvious difference in the gasification rate between nanotubes and 
nanoparticles was recognized at 873K. This is consistent with the results obtained with SEM 
observations. 

Similar experiments were carried out at 823K. The results obtained were shown in Figures 6 

Conclusions 

The gasification behaviors of carbon nanotube-containing materials were clarified by SEM 
and TEM observations. The gasification rates of other carbonaceous materials were higher than 
those of nanotubes at 1023K. A wide variety of gasification manners of nanotubes were 
observed. The gasification manner of nanotubes strongly depended on the gasification 
temperature. 
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Fig. 2 SEM images of samples before and after O2 gasification at 1023K 

(a) rawmaterial 
@) reaction time 0.5 min (c) reaction time 1 min 
(d) reaction time 3 min (e) reaction t i e  5 min 
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Fig. 3 SEM image of sample 
after Ot gasification at 8238 

Fig. 4 TEM images before and afler 
0 2  gasification at 1023K 

(a) raw material 
(b) reaction time 5 s 
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Fig. 5 TEM images before and after 
0 2  gasification at 1023K 

(a) raw material 
@) reaction time 5 s 
(e) reaction time 10 s 
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Fig. 6 TEM images of samples before 
and after 0 2  gasification at 823K 

(a) rawmaterial 
(b) reaction time 20 s 
(e) reaction time 40 s 
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Fig.7 TEM images of samples before 
and after 0 2  gasification at 823K 

(a) rawmaterid 
(b) reaction time 10 s 
(c) reaction time 30 s 
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INTRODUCTION 
In the current work, a new approach is explored for the characterization of porosity and porosity 
development in carbons and chars. It is shown that there exist both qualitative and quantitative 
relationships 'between porosity development and post-reaction desorption features of oxygen 
surface complexes formed during the activation process. It is proposed to exploit these 
relationships to develop a porosity characterization method based on the interpretation of post- 
activation temperature programmed desorption ("D) specIra. 

EXPERIMENTAL 
The samples used in the experiments were chars produced from Wyodak subbituminous coal 
obtained from Argonne Premium Coal Sample Bank [l], and from phenol-formaldehyde resin 
synthesized in our laboratory. The latter material was used as a prototype of a non-mineral matter 
containing char. The char samples were produced in a tube furnace at 1000°C for 2h in flowing 
ulaahigh purity helium. 

All the oxidation and thermal desorption experiments were carried out in the TPD-MSflGA 
apparatus. For gasification, the samples were exposed to one atmosphere of oxygen at a selected 
temperature, and burned-off to varying extents. The subsequent thermal desorptions were all 
carried out at a heating rate of SOWmin to 1200°C in ultrahigh purity helium carrier gas, without 
exposing the previously oxidized samples to ambient air. 

Adsorption isotherms for all the char samples were obtained using a Quantachrome Quantasorb 
surface area analyzer with nitrogen at 77K. 

RESULTS AND DISCUSSION 
Char Characrerization. The total specific surface ma, external surface area, and micropore volume 
of the samples were deermined from the nitrogen isothem data using the so-called %-plot method 
[2]. This technique is based on a comparison of the shape of the adsorption isotherm of a sample 
with that of a standard nonporous reference material. The a,-plot method consists of plotting 
adsorption normalized to a particular point (typically p/p" = 0.4; Le., a, = nho,.,) for the reference 
material vs. p/p" to obtain a standard a, curve. This curve is then used to construct the a,-plot 
from the isotherm of the test sample. The slope of the resultant plot at low a, provides the total 
surface area; the slope of the upper linear branch gives the nonmicroporous surface area; and the 
extrapolation of this branch of the curve to a, = 0 provides the total micropore volume. %-plots 
were constructed for all the nitrogen adsorption isotherms for the current samples using data for the 
standard nonporous carbon proposed by Rodriguez-Reinoso et al. [3]. Corresponding surface 
areas and pore volumes were also obtained via comparison with the isotherm for the reference 
adsorbent given in this reference [3], following the data work-up procedures contained therein. 

Wyodak C o d  Char. Figures 1 and 2 present the thermal desorption spectra for the Wyodak coal 
char samples as a function of bum-off. In Figures 3 and 4 the total evolved CO and COz obtained 
from these figures are compared to the micropore volume and the nonmicroporous surface area, 
respectively, as determined from the a,-plots, as described above. It is noted that the COevolution 
was "corrected" by subtraction of the C02 signal, which is explained subsequently. The nitrogen 
adsorption data indicate that the total surface area (not shown), the nonmicroporous surface area, 
and the micropore volume all initially increase with burn-off, pass through maxima around 40% 
burn-off, and decrease steadily thereafter. This behavior is quite typical of carbonaceous materials 
141. As the bum-off proceeds, the nonmicroporous &e., the larger porosity) surface area increases 
continuously but more rapidly prior to 40% burn-off, and less rapidly at higher degrees of burn- 
off, as shown in Figure 4. This behavior indicates that the microporosity continues to develop up 
to about 40% bum-off, and decreases thereafter; while, the larger porosity develops continuously 
with bum-off. These results are consistent with the classical picture of microporosity development 
at low conversions, followed by pore wall collapse and concomitant surface area loss at higher 
conversions [S].The principal point of these figures, however, is that the CO and C02 evolution 
correlate quite well with the micropore volume and the nonmicroporous surface area, respectively. 

Resin Char. Summaries of the corresponding data for resin char are presented in Figures 5 and 6. 
As shown, this char behaves somewhat differently than the Wyodak coal char. The nitrogen 
adsorption data indicate that the micropore volume increases to a maximum at about 45% bum-off, 
and decreases thereafter. The nonmicroporous surface area, however, increases steadily and 
monotonically up to 72% bum-off. It is noted that even though the larger porosity increases with 
extent of burn-off, the majority of the porosity is still microporous over the entire activation 
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process. That is, even at 72% burn-off, the surface area contribution from the larger porosity is 
only about 5% of the total surface area. In any case, as for the Wyodak coal char, the CO and CO, 
evolution correlate quite well with the micropore volume and the nonmicroporous surface area, 
respectively, in spite of the fact that the CO and CO, TF’D spectra for resin char (not shown) differ 
considerably from the Wycdak char spectra, both qualitatively and quantitatively. 

Starsinic et al. [6] identified carboxylic acid groups on oxidized carbon surfaces using FTIR 
spectroscopy, and noted that their concentration increases with extent of bum-off. Otake and 
Jenkins [7] have shown that the CO, complexes present on an air-oxidized char are responsible for 
the acidic nature of the surface, and that the high temperature CO, evolution is primarily due to the 

also found that COP evolution arises from the decomposition of lactone and/or acid anhydride 
complexes, whereas CO desorption is mainly from carbonyl and ether type complexes. In a 
DRIFTS study of the formation of surface groups on carbon by oxygen, Fanning and Vannice [9] 
also reported that initial exposure to oxygen produces ether structures. and that additional exposure 
develops cyclic anhydride groups. 

, 

r; 
/I 

I. thermal decomposition of carboxylic acid anhydride surface complexes. Zhuang et al. [8] have 

Apparently, just like nitrogen, which penetrates practically all the char porosity &e., micro-, meso- 
and macroporosity) during adsorption measurements, oxygen can also penetrate all the porosity 
under gasification conditions to form surface complexes over the entire carbon surface. The 
obvious conclusion that one can draw from the results presented here is that CO evolution occurs 
from the entire apparent specific surface area, but that most of the COaevolving surface complexes 
are formed only on the surfaces of the larger porosity. In a study of the effect of nonreacting gases 
on the desorption of reaction-created surface complexes on carbon, Britten et af. [lo] concluded 
that surface transport processes were involved in the desorption of CO, but that no influence of the 
nonreactive gases on the CO, desorption rate was observed. These results support the conclusion 
that the COzevolving surface complexes are formed on the surface area in the larger porosity. 

From the preceding, it is possible that a large portion of the CO, evolution derives from carboxylic 
acid anhydride complexes. Since the stoichiometry for the thermal decomposition of these groups 
result in one CO, and one CO molecule, the CO evolution was “corrected” by submcting the COP 
evolution to account for the CO arising from carboxylic acid anhydride complexes. These are the 
“corrected” CO values which are plotted in Figures 3 and 5. In both cases, this correction improves 
the correlation between micropore volume and CO evolution. Therefore, it is concluded that there 
is some justification to this ‘‘correction.” 

Random Pore Model. In addition to the CO and CO2 evolution data and the nitrogen adsorption 
data, the reactivities of the samples as a function of burn-off were also obtained. These latter data 
were used in conjunction with a random pore model [ l l ]  to determine the evolution of the 
microporosity. 

According the random pore model [ l l ] ,  the sample bum-off, xc, vs.time, t, follows the 
relationship: 

HI 
where A, = B0v2/(2n), and A~’=(B~V)’, and Bo and B1 are the zeroth and fist  order moments of 
the pore number density function, and v is the velocity with which a pore surface element recedes 
due to reaction. A, and A1 were determined by least squares regression from plots of Eq. [l] 
derived from the reactivity data. From these values and the surface area at one point (e.g., 5% 
burn-off), the parameters Bo, Bl. and v were obtained. The apparent total specific surface area, S, 
was then determined from: 

P I  
where  ET^ is the initial (Le., zero burn-off) total void fraction. Comparisons of surface areas 
obtained from the nitrogen BET data with values calculated from Eq. [2] show very good 
agreement for both chars. 

As indicated by the nitrogen adsorption data, both the resin and the Wyodak coal chars are 
essentially microporous materials at zero burn-off. A Gaussian pore. number distribution for the 
micropore volume was assumed, following Dubinin et af .  [12]. It was also assumed, as in the 
original random pore model development, that the probability density function of pore numbers 
does not vary with burn-off. With these assumptions, the following relationships were derived: 

[ (1 /41r ( l -~]dx~dt ]~  =A, ln[l/(l-xc)l + AI2 

s = 4n(l-€~&B, V t + B1) (l-Xc(t)), 

(1- E m i c d l -  Ernicro), = e~p[-2r@,(Ar)~+2 B1hr)l 

Smim = d(€mim)/d(Ar) = 42(1- Emicro)(Boh+B1) 

[31 

[41 
where emim is the void fraction of the micropores, and Ar is the mean micropore radius change. 

For the current data, the micropore void fractions, e,,,icm, for the two chars as a function of burn- 
off were determined from nitrogen adsorption data. The mean micropore radius change, Ar, was 
then determined from Eq. [3], and the total apparent micropore surface area, Smicro. was 
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determined from Eq. [4]. The difference between total surface area and micropore surface area was 
taken as the nonmicroporous surface area. The agreement between the nonmicroporous surface 
areas determined in this manner with those obtained from the a,-plots was quite good. thereby 
validating this general approach. 

Figure 7 shows the results for the mean micropore radius as a function of bum-off for resin and 
Wyodak coal chars, as determined using this approach. Here the initial mean micropore radius 
(i.e.. prior to gasification) was determined from the zero bum-off nitrogen adsorption data 
assuming a normal micropore volume distribution. The resultant mean pore radius prior to 
oxidation was 1.04 nm for Wyodak coal char, and 0.64 nm for resin char. The variance of the 
normal distribution was 0.24 nm for Wyodak coal char, and 0.18 nm for resin char. These results 
indicate that the pore size is larger, and the pore distribution is broader for Wyodak coal char than 
for resin char prior to activation. It is noted that the rate of mean micropore radius decrease with 
bum-off at high conversion is slower for resin char than for Wyodak coal char. This suggests that 
the resin char remains more microporous with bum-off. This conclusion is also apparent from the 
nonmicroporous surface areas for both chars. From these results, it is concluded that the random 
pore model theory is capable of providing reasonable predictions of microporosity development 
during gasification for both resin char and Wyodak coal char. 

SUMMARY AND CONCLUSIONS 
It is concluded that CO-evolving surface complexes are formed over the entire surface area of all 
the porosity of the two very different chars investigated, and that the total CO evolution upon 
thermal desorption is well correlated with the total surface area. It is also concluded that the CO 
evolution "corrected" for the expected contribution from carboxylic acid anhydride surface 
complexes is well correlated with the microporosiry. It is hypothesized that if these observations 
can be generalized and calibrated, they could be developed into a new method for the 
characterization of char porosity, in conjunction with the "extended" random pore model. 
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Figure 3. Comparison of total "comted" CO evolved with micropore volume for Wyodak coal 
char as a function of bum-off (O.lMPa, 420'C). 
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Figure 6. Comparison of total C02 evolved with nonmicroporous surface area for resin char as a 
function of bum-off (0.1 MPa, 470°C). 
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determined from the "extended" random pore model. 
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ANALYSIS OF CARBON-OXYGEN REACTION BY USE OF 
A SQUARE-INPUT RESPONSE TECHNIQUE AND l*O ISOTOPE 
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INTRODU(=TION 

Carbon gasification reaction has been investigated for decades including the pioneering 
works of Walker and his co-workers'), but its mechanism has not been completely 
elucidated. The concept of the active surface area (ASA) was proposed by them, and its 
importance has  been recognized. However, since ASA was measured by 02 
chemisorption at  below 300 "C where carbon loss through gasification is negligible, it  does 
not reflect the actual gasification situation. To overcome this weak point, measurements 
of ASA in a batch reactorz-4) and the so-called transient kinetic (TK) method were 
proposed5t6). Ahmed and Back4) successfully measured the chemisorbed oxygen during 
the gasification using a batch reactor, and proposed a new mechanistic sequence for 
carbon-oxygen reaction which stresses the importance of the reaction between the 
gaseous oxygen and the chemisorbed oxygen. Radovic et  al.'s8) proposed the concept of the 
reactive surface area (RSA), and reported excellent proportionality between the C02 
gasification rate and the RSA estimated by the TK and the TPD methods. Kapteijn e t  
al.9JO) showed that the TK method with labeled molecules is more powerful to examine 
the mechanism. They found the presence of two types of surface oxygen complexes which 
desorb a t  different rates. 

Although the TK method is powerful, the method can trace only the desorption 
phenomena after a step change from an oxidizing gas stream to an inert gas stream. On 
the other hand, the step response technique changing an isotope stream to another 
isotope stream step-wisely enables us to observe in situ transient behavior without 
disturbing the reaction system if we can trace the change in all isotope species. This 
technique has been recently applied to carbon-oxygen reaction by Kyotani et  al.11) 

The authors have recently proposed a Square-Input Response (SIR) method as a 
modification of the step response technique'2). When we apply the SIR technique to 
carbon-oxygen reaction, we change the reactant stream containing 1'302 step-wisely to the 
1% containing stream a t  a certain instant, and after a predetermined time interval we 
change the 1802 stream backwardly to the 1602  stream. This method enables us to 
observe transient changes on two step changes, to minimize the usage of expensive 
isotopes, and to facilitate the establishment of the balance of the isotope supplied as  the 
square-input. We have successfully applied this technique to the analysis of a coal char 
gasification and to the analysis of the stabilization reaction of carbon fiber13). 

In this work the SRI technique was applied to the analysis of carbon-oxygen reaction to 
examine the reaction mechanism presented by the authors14), and to determine the rate 
constants of elementary reactions. 

EXPERIMENTAL 

A mineral-free carbon black (CB) was used in this study. It was provided by Mitsubishi 
Chemicals and had the designation CB-30. The ultimate analysis of CB is C: 99.1%, H 
0.88, and 0: 0.1% on weight basis . 
Figure 1 shows the apparatus used for the gasification experiments. About 3 to 12 mg of 
CB were embedded in a reactor made of quartz tube (4mm in ID and 30 cm in length). 
They were heated to 900 OC in a helium stream and held a t  this temperature for 10 
minutes. Then they were cooled to a constant temperatures of 550, 570, or 600°C. To start 
the gasification, the helium stream was changed to the 1% stream diluted by helium 
(22% conc.), whose flow rate was regulated by a mass flow controller a t  50 mumin. A 
part of the product gas was introduced to a presspre regulated section via a valve (V-2). 
The pressure of this section was kept a t  a few mmHg by regulating the opening of the 
valve V-2. Only a small amount of gas was introduced from this section t o  a mass 
spectrometer (MS; Nichiden Anerva, AGSPllR), where signals for mass numbers of 28, 
30, 32, 36, 44, 46, and 48 were continuously detected. To minimize the delay of the gas 
analysis from the gas formation, a small tubing (1/16 inch OD) was used and the gas flow 
in the pressure regulated section was designed as  shown in the bottom of Fig. 1. The 
main flow exiting the reactor was led to a gaschromatograph (GC), where it was analyzed 
in every 10 minutes to determine precisely the concentrations of CO, 02 ,  and C02. By 
referring to these concentrations the signals of the MS were calibrated in every 10 
minutes. Then the concentration of CO, 0 2 ,  and C 0 2  in the product gas could be 
measured continuously and precisely.' 

The pure l80 isotope (ISOTEC Inc.) containing 99.2 mol % 180  was used for the SIR 
experiment. The isotope diluted by helium (22% 1802 conc.) was stored in a sample loop of 
about 50 ml as shown in Figure 1. When the conversion of CB reached 10 %, the 6-way 
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valve (V-I) was switched. Then the helium stream containing l e 0 2  pushed out the l802 
containing gas in  the sample loop to the reactor. The 1802 containing stream was 
supplied for about 1 min, and then the stream returned again to the stream containing 
only W2. After the elapse of 20 min the temperature was raised to 900°C to combust the 
Sample, and the 180 retained in the sample was detected as Cleo, Cl8OO, and clack?. 
Using this technique, the exact 180 balance could be established after changing the '@2 
containing stream to the stream containing only 1602.  The experiments using 1:l 
mixture of 1602 and 1802 as the square-input were also performed to examine probable 
isotope exchange reactions. The experiments using pure He as the square-input were 
also performed. The experiments are performed to compare our results with those 
obtained by the so called TK experiments. 

RESULTS AND DISCUSSION 

Figures 2a and 2b show typical SIR results, where the formation rates of CQ28), CQ30). 
cO2(44), CO2(46), and Coz(48) and the flow rate of Oz(36) are shown against the reaction 
time. Hereinafter, the isotopes are represented by the molecular weights in the brackets 
following the molecular formula. Figures 2c and 3, respectively, show the results obtained 
using the square-inputs of the 1:l mixture of 1602 and 1802 and the pure He under the 
same experimental conditions as those in Fig. 2b. 

First, we consider CO formation in Figs. 2a and 2b. On the step change from the 1 6 0 2  
stream to the '802 (abbreviated to the 160#802-step) the CO(28) formation rate decreased 
rapidly t o  a half or so, and then decreased gradually. The CO(30) formation rate 
responded almost instantaneously to the step change to increase a certain level, and 
increased gradually. On the step change from the l8Oz stream to the 1% (the 180dl6qt 
step) almost reverse responses were observed. The CO(28) formation rate increased 
rapidly at  first, then increased gradually. The CO(30) formation ra te  decreased 
instantaneously on the step change to a small value, then decreased gradually. These 
results clearly show that CO is formed a t  least two reactions. The gradual formation of 
CO(28) and CO(30) without the corresponding oxygen isotopes in the gas phase indicates 
that these are produced from the chemisorbed oxygen. The rapid changes of the 
formation rates of both CO(28) and CO(30) on the step changes are associated with the 
reaction between the gas phase oxygen and the active site. 

The COz formation rates are considered next. On the 1602/1802-step the CO2(44) 
formation rate responded almost similarly as the CO(28) formation rate. The COd46) 
formation rate increased rapidly on the step change, but started to decrease gradually 
after reaching a maximum. The Coz(48) formation rate responded slowly to the step 
change, but it increased monotonously. On the 180d160rstep the COz(44) formation rate 
again responded almost similarly as the CO(28) formation rate. The Coz(46) formation 
rate decreased rapidly first, and then decreased gradually. The C02(48) formation rate 
decreased rapidly to a very small value, then decreased gradually. These results indicate 
that COz is formed by several reaction paths: both the reaction between gaseous oxygen 
and chemisorbed oxygen and the reaction between chemisorbed oxygens are judged to be 
significant. 

Both the total CO formation rate (the sum of the formation rates of CO(28) and CO(30)) and 
the total COz formation rate (the sum of the formation rates of C02(44), CO2(46), and 
coz(48) )change little during the SRI experiments as shown in Figs. 2a to 2c. This 
indicates that  the SIR experiment using 1 8 0  is powerful to examine the reaction 
mechanism without disturbing the steady state of reaction as expected. This conclusion 
is further substantiated when comparing Figs. 2b and 3. The response behavior of CO(28) 
and COz(44) in Fig. 3, which is the TK experiment, is significantly different from that in 
Fig. 2b. The gradual formations of both CO(28) and COz(44) observed in Fig.2b were not 
observed in Fig. 3. This means that the rate parameters determined by the TK method is 
different from those under the gasification of steady state for a t  least this reaction system. 

We presented the following gasification mechanism for carbon oxidation based on the 
pulse experiments using 1802 i~0tope14). 

2 C f + @  + c(O)+CO [I1 
2 C f + @  -) 2C(O) [21 

c(0) -) CO+Cf (*) 131 
141 

a01 + C(0) -) c o 2  + Cf ( 8 )  [51 
c(0) + C(0) -) C(0) + C(0) El 

Cf + C(0) + 0 2  -) C(0) + c o p  + Cf 

where Cf and C(0) represent the free active site and the chemisorbed oxygen, respectively., 
We assumed that these reactions proceed only when gaseous oxygen is present. The 
mechanism is close to that proposed by Ahmed et  aL4) One of the great differences is that 
we assume the amount of the short-lived oxygen is immeasurably small as Walker et d. 
assumed i n  the earlier pap$). In  other words, we assumed that the short-lived oxygen 
is formed through Eqs. 1, 2, 4 and 6 only when gaseous oxygen interacted with carbon 
surface and the oxygen complex. The reactions in which only the short-lived oxygen 
surface intermediate participates are marked by an asterisk (*). 

The validity of the proposed mechanism can be examined in more detail using the resulta 
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obtained in this work. The balance of the 180 after the 1802/1602-step is easily established 
as stated above, because we analyzed all the 180 containing species including the amount 
of 180 retained in the sample. Then the amount of chemisorbed oxygen, n0(18), a t  a 
certain time is estimated by summing up the 180 evolved as C0(30), COA46), and CO2(48) 
from the end of the reaction. Utilizing the no(18) values estimated, the formation rates Of 
CO(30) and COz(46)were plotted against no(18) in Figures 4a and 4b a t  three reaction 
temperatures. Both rates increased with the increase of n0(18) as  expected, but linear 
relationships did not hold. Since CO(30) is produced via Eq. 3, the CO(30) formation rate 
should be directly proportional to no(18) if CO(30) was produced from only the stable 
oxygen complex. However, this was not the case, indicating that the contribution of the 
short-lived oxygen must be taken into account to explain the CO(30) formation. The 
relationship between the COz(46) formation rate and n0(18) in Fig. 4b cannot be explained 
by only Eqs. 4 and 5 as far as we assume only single oxygen complex. 

Then the mechanism was rewritten assuming two active sites, CA and CB. and in  
consequence two oxygen complexes, CA(O) and CB(O), as follows: 

CA+@ -+ CA(o)+Co ;rlA [fl 
CB+@ -+ CB(o)+Co ; rlg [El 

2cA+o2  -+ 2cA(o) ; r2A [91 
2cB+@ -+ zcB(0)  ; r B  [lo1 

CA(0) -+ co+cf ; r3A [Ill 
CHO) -+ CO+Cf ; r s  [ E l  

CA+ CA(0) + 0 2  -+ c 0 2  + CA(0) ; r4A [I31 
CA + CB(0) + 0 2  -+ c o 2  + CA(0) ; r a  [I41 
CB + CA(0) + 0 2  -+ COP + CBO) ; r 4 c  [I51 
CB + CB(0) + 0 2  -+ COS + CBO) : rqD [I61 

CA(O)+CA(O) -+ CO2 : r5A [I71 
CA(O)+CB(O) -+ COz : r s 3  [I81 
CB(o)+CB(o) -+ c 0 2  ; r z  [I91 

where CA(O) and Cg(0) represent the short-lived oxygen complex and the stable oxygen 
complex, respectively. The contribution of Eq. 6 was neglected, because the amounts of 
CA(O) and CB(O) do not change through the reaction. r lA  to r z  represent the reaction 
rates. 

The validity of the reaction mechanism was tested using the change in the l80 containing 
species after the 189/1602-step. The mechanistic sequence for this case is simplified a s  
follows: 

cA(l80) -+ cl80 [ZOI 
cB(180) -+ c180 (211 

CA+CA(180)+@ -+ c1800+cA(o)  + c f  [221 
CA + cB( + 0 2  + c1800 + CA(0) + cf [231 

cA(l80) + CA(0) -+ Cl8oo + cf [%I 
CA(0) + c&%) -+ c1800 + cf [%I 
c&l80)+  CB(0) -+ C l 8 o o  + cf [%I 

cA(l80) + cA( l80) -+ 0% + cf [Wl 
c A (  + cB( l80) -+ cl% + cf [%I 
c&l80) + cB( '80) -+ cl% + cf [291 

Under the steady state gasification the total amount of chemisorbed oxygen, no,  is kept 
constant, and both nOA and noB Then the following 
relationships would hold: 

would be kept constant. 

nOA + nOB = n o  (constant) [301 
I311 
[321 

nO~(16)  + nOA(18) = nOA (constant) 
nOg(16) + nOg(18) = n0B (constant) 

Using the data for the changes in the l80 species after the 180d1602-step and the 
relationships of Eqs. 30 to 32, we could determine the reaction rate constants, k 3 ~ ,  k 3 ~ .  
~ ~ A [ C A ~ + ~ ~ B [ C A I ,  ~ ~ C [ C B I + ~ ~ D [ C B I ,  k w ,  km. and k x ,  and the values of nOA, nOB, and 
nowhich appear in rw,  r 3 ~ ,  r4.b r a ,  r c ,  r 4 ~ ,  r5.4, r 5 ~ ,  and r z .  Then the rate 
constants, klA+km, and ~ ~ A [ C A ~ + ~ ~ B [ C B I  could be estimated using the change in  the 
formation rate of CO(28), the relationship of Eq. 30 and the parameters determined above. 
Thus all the rate constants were estimated, although some can not be determined 
independently. The rate constants a t  570°C are shown in Table 2, and the calculated 
curves using these parameters are compared with the experimental data in Figure 5. 
Fairly good agreements were obtained between the calculated curves and the 
experimental data over the whole course of gasification, although most of the parameters 
were estimated using the changes in the species after the 1802/1602-step. We could 
estimate the amounts of both noA and nOB, and could clarify that nOA is much smaller 
than noB. These results seem to support the validity of the mechanistic sequence given 
inEqs.7to19. 

At 570°C the ratio of r a + r i B  : r a  : r3g for the CO formation was 4 : 3 : 3, and the ratio of 
r w + r m  : r c + r 4 ~  : r 5 ~  : r m  : r z  for the CO2 formation was 4 : 4 : 1 : 2 : 2. These values 
clearly indicate the importance of the direct reactions between the active site and the 
gaseous oxygen as well a s  the desorption and/or reaction of chemisorbed oxygen(s), 
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supporting the observations given in Figs. 2a to 2c. 

CONCLUSION 

A square-input response (SIR) technique was applied to analyze the carbon-oxygen 
reaction. Actual in situ transient behaviors of isotopes were successfully traced. Most 
significant findings are as follows: Existence of two oxygen complexes, one is short-lived 
and the other is rather stable, was clarified, and their amounts were estimated. The 
importance of the direct attack of the gaseous oxygen to the active site andor  the 
chemisorbed oxygen was clarified. In addition, the significant contributions of the 
desorption of the oxygen complex and the reaction between the complexes to the 
gasification reaction were notified. The TK method was found not to reflect in situ 
desorption behavior of the oxygen complex a t  least for the reaction system studied here. 
Relative importance of elementary reactions was cIarified. Further investigation is under 
way to examine the soundness of the proposed reaction mechanism and the determined 
rate parameters. 
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Table 1 The Rate Cnstanta at 610 OC 
k,+k, 1.58 min.'.kg.'-atm.' 

k,&2J+l+t[~] 1.78 min~'-kg"-atm~' 
k, 1.1 min" 

ka, 0.075 min" 
(k,+ka)[CAl 4.5 min".atm" 
(k,+k,)[C,I 0.35 rnid'satn.' 

kM 1.2 kg.mol.'.min.' 
kea 0.078 kg.mol-'.min-' 

prraw caow Udt 

Figure 1 Experimental Apparatus 
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INTRODUCTION 
A role of adsorbed molecular oxygen in surface reactions of 
black carbon (in the form of n-hexane soot) has been observed. 
Countless articles on the surface structure and reactivity of 
solid carbon, including several from this group (1-5), have 
identified carbon-oxygen surface functionalities as underlying 
adsorption or reactivity characteristics of specific materials. 
This paper describes, rather, several cases in which reversibly 
adsorbed molecular oxygen directly participates in phenomena 
occurring at the carbon surface. 

RESULTS AND DISCUSSION 
Eydration 
A dependence of the extent of its surface hydration on soot 
aging was first observed in microgravimetric studies of water 
adsorption as a function of relative vapor pressure (6). 
Separate experiments in which freshly-prepared soot samples were 
exposed to pure 4 prior to hydration with others evacuated prior 
to hydration, revealed significantly more and l e s s  water 
adsorption, respectively, compared with the fresh soot itself. 
Application of a modified Dubinin-Radushkevich (DR) equation (7) 
to the data enabled the determination of surface coverage and 
mass adsorbed per gram at limiting adsorption, and also at the 
point at which activated adsorption is essentially complete 
(the chemisorption limit). 

The adsorption data (mass increase and ‘the relative water 
pressure, PIPo) from these measurements were treated with the DR 
equation to yield the results summarized in Table I. 

Table I. Effect of Oxygen Adsorption on Soot Hydration 

soot Limiting e.’ Limiting eo- 
Adsorption Chemi- 
gx10’l gs sorption 

24-hours 1.76 0.80 0.507 0.223 

contacted 0.01 0.02 0.004 0.004 

Fresh 1.26 0.58 0.473 0.217 
f f f * 
0.01 0.01 0.005 0.005 

Evacuated 0.966 0.44 0.440 0.202 
f + * f 
0.006 0.01 0.003 0.005 

01- f i t t 

Surface coverage using HIO molecular area as 12.2A‘ (a), where 
0, is at limiting adsorption and 0, at the chemisorptlon limit. 

Ae is evident from these data, adsorption of water by the soot 
increases with Ol coverage of the soot surface. For example, the 
limiting surface coverage (e,) increases from 44% for evacuated 
fresh soot to 80% for the same material whose surface is 
saturated with Ol at ambient temperature. Similarly, by 
comparing the adsorption of water at the chemisorption limit and 
at limiting adsorption, it is seen that the fraction of adsorbed 
water involving chemisorption decreases from about 46% t o  29% as 
the surface 0, increases. Since a smaller fraction of the 
(greater) adsorbate is involved in chemisorption on an 0,- 
saturated surface, a process involving the hydrolysis of 
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carboxylic functionalities, the adsorbed oxygen appears to be 
providing admorption sites for water. A regular decrease in 
adsorbate affinity coefficient for water (6) with increased 0, 
coverage, determined from the DR equation plot, further supports 
relatively more (weaker) H p - 0 2  surface interactions. 

Although the mechanism by which surface 0, facilitates increased 
water adsorption is not yet clear, earlier experiments showed 
that it is properly described as physisorption (as opposed to 
activated adsorption). Figure 1 illustrates the effect of the 
sequential treatment of soot with flowing dry nitrogen, water 

Soot = 30 rng Legend: Gas flow sequence 

* 02-saturated soot in N, 

itrogen 

Figure 1. 
soot 16). 

Study of desorption and adsorption of 0, and H,O on 

vapor plus nitrogen and then nitrogen again. Hicrogravimetric 
measurement of mass change reveals a rapid substantial loss when 
an 0,-saturated sample is subjected to flowing nitrogen, 
apparently most of it the loss of physisorbed 02. Subsequent to 
resetting the microbalance, treatment with water vapor plus 
nitrogen, and then flowing nitrogen again shows the usual 
hydration pattern and removal of water adsorbate, respectively. 
Considerable quantities of molecular oxygen may be adsorbed on 
freshly-prepared n-hexane soot and are involved in the water 
adsorption by, and hydration of, the soot surface. 

EPR Studies 
The observation by EPR of significant concentrations of unpaired 
electrons in n-hexane soot(l), consistent with their existence 
in coals and other graphitic carbonaceous materials, suggested 
the use of spin density as a probe of the behavior of adsorbed 
molecular oxygen which is paramagnetic. The effect of adsorbed 
0, is to increase the width and to decrease the intensity of the 
EPR spectrum of soot, changes reflected in an increaeed peak-to- 
peak line width, decreased peak height, and decreased normalized 
integral of the single absorption having a g value of 2.0046. 
Accordingly, series of replicate measurements using X-band cw 
EPR on freshly prepared soot samples were carried out. These 
samples, attached to the vacuum line through a special manifold 
within a heating mantle, were evacuated at 100°C in the lo4 torr 
range overnight before exposure to accurately measured pressures 
of pure 0,. Figure 2A is a plot of the corrected normalized 
integral (CNI) versus P,, where the error bars represent the 
standard deviation of individual measurements. The CNI for soot 
evacuated in this manner, before addition of 0,. is (1.62 f 0.07) 
x 10'. The linear relationship between spin density and 
physisorbed 0, (assumed proportional to gas phase pressure) over 
the pressure range from 0 to 35 torr demonstrates not only the 
interaction between the unpaired electron spins of molecular 
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oxygen and soot, but also provides a means of monitoring the 
surface behavior of 0, during adsorption or reaction. 

c 
0 
Y 

B 

0 . 4 F '  " " " I '  ' ' I  ' ' ' I  " ' 1 
0 10 20 30 40 (torr) 

Figure 2. Effect of 0, on the EPR signal of SOOL. 

The Ozone-Soot Reaction 
A detailed study (9) of the reaction between n-hexane soot and 
ozone at low concentrations has revealed a role of adsorbed 
molecular oxygen. This complex reaction involves essentially 
three stages. Following a fast initial catalytic decomposition 
of 0,. a rapid soot mass increase accompanied by COz and KO 
formation is itself followed by a long period of soot oxidation 
in which the rate of 0, loss is second order in 0, (9). It is 
during the second stage of this reaction that material balance 
calculations, based upon careful analysis of products and 
reactants, reveal an involvement of 0, in that stage. Expressing 
the oxygen atom content of reactants and products in micromoles, 
the overall reaction results in a net loss of 0) oxygen (as 0, 
from catalytic decomposition) in the amount of about 20% which 
does not yield measurable 0-containing product. During this 
second stage of the reaction, from 2.5 to 30% of reaction, 
however, the 0 atom gain in products averages 7 0 % ,  a gain which 
is not from 0, oxygen. 

A plot of CNI of the soot EPR spectrum versus gas pressure (1.5% 
O3 in 0,) is Figure 2B. to be compared with the same plot for 0, 
alone (Figure ZA) . At lower pressures, the rate of spin density 
decrease with increased O,/O, is much less than with 0, alone, 
while beyond 20 torr the slopes of the two plots are essentially 
the same. These data appear to confirm the consumption of a 
fraction of the 0, in a reaction which does not leave it for 
physisorption. A plausible interpretation is that the rapid 
reaction with O,, actually probably 0 atom from its dissociation, 
yields fragments on the carbon surface which are reactive with 
0,. The soot is not similarly reactive with 0, alone under 
ambient conditions. We are not aware of other such examples of 
physisorbed 4 involvement in surface reactions of black carbon. 
To the extent that soot " aging" is an annealing of the surface 
by physisorbed O,, this effect also must underlie the difference 
in rate laws for the 0,-soot reaction (9) between freshly 
prepared and aged soot; for example, 

Initial rate = k[O,J(soot]'~ 
versus 
Initial rate = k'[o,] + k"(soot) 

respectively . 
Other Adsorptions 
so2 
Because of the likelihood that adsorbed molecular 0, plays a role 
in other soot surface reactions, in the manner discovered for 
the 0, reaction, our studies of adsorption on soot also have 
included O2 as adsorbate. The rapid oxidation of SO, at the soot 
surface which requires the presence of 0, and H,O, for example, 
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is one important case. The coadsorption of 0, and SOz on n- 
hexane soot has been examined in detail. 

Figure 3 shows the gain in mass of 10 mg soot as a function of 

Variable SO2: Fixed soot = lOmg ~rsrlas 

Time (min) 
Figure 3. Adsorption of Soz on soot. 

time in the presence of 606, 1010, 1515, and 2020 ppm SO,. These 
were flow experiments in which the medium was zero air. At 60 
minutes, the SO, flow was stopped and the microgravimetric cell 
(6) continued to purge with the zero air alone. The rapid loss 
of SOz from the surface follows a pattern which is the inverse 
of the adsorption, indicating physieorption of SO, according to 

where SS = surface site for SO2. 

From 85 to 79 percent of the SO, behaves in this manner, 
respectively, as indicated by the asymptotic approach of the 
microgravimetric curve to a limiting mass value greater than the 
initial. Another pathway, probably surface hydration and 
possibly oxidation, apparently exists for S q  as well; water 
molecules cannot be rigorously excluded from the surface under 
these conditions. 

The coadsorption of so, and oz were studied by EPR, and the 
results are summarized in Figure 4. NO effect of so, on the 

p. 
0 
x 

8 

0 3  , ,,p I,., , ,3;, , ,;. , , 5 p ,  ,.7:,.:os::. , . I 
(torr 1 

Figure 4. Effect of SOz on soot. 

normalized integral of soot's EPR signal is observed, this lack 
of effect extending to 10' ppm. (The small decline from the 1.62 
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is due to a trace of O, in the SO, sample). The significance of 
this study is to be found in the fact that 1) 0, has the same 
effect on the spin density of soot on which SO, is physisorbed 
as it does on pure soot, and 2) at a constant 0, coverage, SO, 
has no effect; no O, is displaced by S%. This Suggests that 
surface oxidation of SO, by 0 does not occur measurably at these 
surface coverages. Either 0; and so, do not compete for the same 
sites or the soot surface-O, interaction is stronger than that 
between soot and SO,. Calculations based on the specific surface 
of n-hexane soot (B9m1/g), masses of o and SO, adsorbed per gram 
of soot under the experimental co:ditlOnS, and established 
surface areas for the adsorbed molecules (19.2 A’ for SO, (lo), 
14.1 A’ for 0, (ll), indicate that SO, occupiee nearly the same 
fraction of the surface (-18%) that oz (-20%) does, which means 
that about 113 less S q  molecules than O, are adeorbed per unit 
mass of soot under the conditions of zero air (125 torr O,) and 
2000 ppm SO,. In the case of paramagnetic 02, the surface 
coverage is no doubt governed by the surface density of’-soot’s 
unpaired electrons, where the So, is not influenced by that 
factor. 

NO and NE, 
Evidence of the effect of adsorbed molecular 0, on the adsorption 
of both NH, and NO has been found ae wsll. These molecules, 
unlike the reversibly adsorbed SO, species, compete with O2 for 
Surface sites. Microgravimetric studiee of NH, adsorption at 
higher concentrations, carried out in a variety of gas phase 
environments, reveal this competition which probably has its 
origin in the hydrogen bonding capacity of NH,. EPR studies of 
the competition of NO and 0, for unpaired electron sites on soot 
clearly show a surface interaction between NO and 0, as well. 
Experiments on both of these systems continue. 
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INTRODUCTION 
The mechanisms by which varying partial pressures of oxidant gases affect char reactivity remains 
a matter of controversy. In the current communication we explore the effect of CO, partial pressure 
on the resultant populations of intermediate oxygen complexes on char suaaces and their 
relationship to reactivity. 

EXPERIMENTAL 
The samples used in the experiments were Wyodak subbituminous coal char samples produced 
from coal obtained from the Argonne Premium Coal Sample Bank [l], and a resin char produced 
from phenol-formaldehyde resin synthesized in our laboratory. The latter was used as a prototype 
of a non-mineral matter-containing char. Char samples were produced in a tube furnace in flowing 
uluahigh purity helium at 1000°C for two hours. 

Partial pressure variation was achieved using C0,helium mixtures. All the oxidation and thermal 
desorption experiments were carried out in the TPD-MSDGA apparatus. For gasification, the 
samples were exposed to the C02helium gas mixtures at one atmosphere at a selected temperature 
to a certain degree of burn-off. The gasification conditions selected for the current work were 
825OC. 20% bum-off for Wyodak coal char, and 900°C. 5% bum-off for resin char. The thermal 
desorptions were all carried out at a heating rate of 50Wmin to 12OOoC in flowing ultrahigh purity 
helium carrier gas. 

RESULTS AND DISCUSSION 
The overall or global reaction order for the char-CO, reaction remains a matter of controversy. The 
typical Langmuir-Hinshelwood-type steady-state rate expressions, as obtained for the Mentser and 
Ergun [2] oxygen exchange mechanism for example, suggest that the reaction should be first order 
at low pressures, changing gradually to zeroth order behavior at higher pressures. Turkdogan and 
Vinters [3] reported half-order dependence at pressures less than 10 atm, and zeroth order behavior 
at pressures of 10-20 atm. Koenig et al. [4] also reported half-order behavior. Blackwood and 
Ingeme [SI reported that at high pressure, the gasification rate remains dependent on C02 partial 
pressure to a positive order. On the other hand, the gasification data of Johnson [6] for a 
bituminous coal char in CO/C02 mixtures over the range 2-35 atm, showed a decreasing effect of 
CO, pressure on the gasification rate at high pressures. A similar trend was reported by Golovina 
[7], who reported first order behavior at near-atmospheric pressure, tending to zeroth order over 
the 3-10 atm range, followed by decreasing gasification rate with CO, partial pressure in the 20-40 
atm range. In the current work, the apparent reaction orders observed for CO, partial pressures of 
one atmosphere and less, were 0.7 1 for resin char and 0.60 for Wycdak coal char. 

Obviously, the apparent reaction order varies considerably with the nature of the char and 
gasification conditions, which makes it difficult to compare data from various sources and 
predict/correlate reactivity. Moreover, most of the interpretive/correlative models are based on one 
or two-site models which tend to oversimplify the nature of char surfaces and mechanisms. Most 
chars exhibit distinctly energetically heterogeneous surfaces which can have a significant effect on 
the behavior of the apparent reaction order. For example, Calo and Perkins [8] demonstrated that 
surface heterogeneity can result in half-order behavior under certain conditions, and that the 
observed reaction order depends in a complex manner on the nature of the surface. For these 
reasons, here we focus on investigations of correlations between reactivity and populations of the 
intermediate oxygen surface complexes which desorb to gasify the char. 

Figure 1 presents CO TPD spectra for resin char samples gasified in various COfle mixtures. As 
shown, the broad desorption peak is centered at about 10IO°C. The total mount of oxygen surface 
complexes increases with CO, partial pressure, but not homogeneously over the entire TPD 
spectrum. That is, the higher temperature surface complexes fall off more rapidly than the lower 
temperature complexes. These observations are consistent with those of Kapteijn er al. [9] who 
reported that increasing the CO, partial pressure from 0.1 to 1 arm increased the number of stable, 
higher temperature complexes more than the low temperature, unstable complexes. 

Figure 2 presents the corresponding data for Wyodak coal char samples. The same qualitative 
behavior observed for resin char is readily apparent, although the desorption is peaked at a lower 
temperature of about 95OOC. In addition, the total amount of oxygen surface complexes is about a 
factor of three or so greater than for the resin char. 

The Rare-Controlling Srep. It has been concluded by some workers that CO, gasification is 
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desorption rate-controlled [Marchon et ai. [lo]; Cerfontain er 01. [ll]; Chen and Yang [121; Calo 
and Hall [13]; and Mentser and Ergun [2]. However, Kapteijn et al. [9] contend that for 
uncatalyzed CO, gasification, two processes are operative: (1) the decomposition of 
semiquinone/carbonyl surface complexes; and (2) the decomposition of an "out-of plane" oxygen 
complex which can be formed upon oxidation by CO2 of a saturated carbon atom adjacent to an 
edge carbon which is already bonded to an oxygen atom. This latter type of oxygen complex has 
been shown to cause a substantial weakening of neighboring carbon-carbon bonds, and its 
decomposition results in the formation of a gas phase CO molecule and a semiquinone-type surface 
complex. This model explained their step-response data quite well, and supports the earlier 
mechanistic reasoning of Blackwood and Ingeme [SI. It was also concluded that the relative 
contribution of the two processes to the gasification rate is controlled by the CO, partial pressure. 

In order to address the issue of the rate-conmlling step in the current work, the following types of 
experiments were performed. Following gasification, samples were rapidly quenched to room 
temperature in either pure helium or the reactive gas mixhue. This was done to assess whether or 
not the surface was saturated with oxygen surface complexes at gasification conditions. It was 
reasoned that if the gasification reaction was not controlled by the desorption step, unoccupied 
active sites would exist which by cooling in the reactant mixture would form additional oxygen 
surface complexes as the temperature decreased. Consequently, the resultant TPD spectra would 
differ from those obtained following rapid quenching in helium. 

In Figure. 3 are presented the corresponding desorption spectra for resin char following gasification 
in 1 atm of COP As shown, the two spectra are practically identical. This result implies that 
gasification in pure CO, for resin char under these conditions is indeed desorption rate-controlled. 
However, as shown in Figure 4, the corresponding spectra following gasification in a 60/40 
COz/He mixture yielded distinctly different TPD spectra. As shown, the principal difference lies in 
the low temperature surface complex populations. That is, the CO desorption over the temperature 
range between 600 and 9OOOC for the sample cooled down in the reaction mixture is greater than 
that for the sample cooled in He. This result is interpreted to mean that unoccupied active sites exist 
during the steady-state gasification in the 60/40 C021He mixture under these conditions. These 
unoccupied active sites remained unoccupied when the samples were cooled down in He, but were 
populated with oxygen complexes in cooling down in the reaction mixture. Consequently, it is 
concluded that gasification departs from desorption rate-control as the C02 partial pressure 
decreases from 1 atm. 

Distribution of Desorption Acrivarion Energies. The observation that the population of oxygen 
surface complexes does not decrease evenly over the entire TPD spechum suggests that the char 
surface exhibits a distribution of desorption activation energies. Du et 01. [14] and Calo and Hall 
[13] have developed distributed activation energy models for the desorption of oxygen surface 
complexes from carbons following 0, and CO, gasification. In the current work, the distribution 
of desorption activation energies was calculated using the method described by Calo and Hall [13]. 
The relationship between the instantaneous CO desorption rate and the distribution of desorption 
activation energies can be expressed as: 

d[COl/dt = [C-OIoS(E*)dE*/dt t11 

where E* is the local desorption activation energy, as approximated by an instantaneous step at 
energy E*, S(E*)  is the desorption activation energy probability density function, d[CO]/dt is the 
desorption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (i.e. 
prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 
surface. Based on the classical work of Redhead [15], the parameten are related by: 

E*/RT =In [uoT/p] -3.64 [21 

which holds for for 108<udfl<1013 (K-'), where uo is the pre-exponential factor for the desorption 
rate constant, T is the temperature, and i3 is the heating rate. Since a TPD experiment gives the 
instantaneous desorption rate directly, and dE*/dt can be obtained from Eq. [2], the distribution of 
desorption activation energies, [C-Ol,S(E)*, can be determined from Eq. [I]. 

The value of the pre-exponential factor, uo. was assumed to be a constant. A series of TPD mns 
was performed at various heating rates from 25Wmin to lOOWmin for the same oxidized char 
samples. It was determined that a value of uo = 1O'O min-l yielded the best fit in that it produced 
essentially the same energetic distribution for all the heating rates. This proved to be the best value 
for both resin and Wyodak char. Consequently, this value was used for the determination of the 
distributions of desorption activation energies. 

Figure 5 presents the resultant desorption activation energy distribution for Wyodak coal char 
gasified in various C02/He mixtures. As can be seen, as the CO, partial pressure during 
gasification decreases, the desorption activation energy distribution of the char also changes. 
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The same trend was also found for resin char samples gasified in various C0,IHe mixtures. In 
comparison to the results for Wyodak coal char, the energetic disuibutions of oxygen surface 
complexes for the resin char samples are shifted to higher energies. It is also noted that mineral 
matter (most probably calcium) in the Wyodak coal char plays a significant role in determining the 
population of the low temperature surface complexes which turn over most rapidly during 
gasification. The absolute amount of the low temperature oxygen surface complexes is much 
higher for Wyodak coal char than for the resin car, which contains no mineral matter. Therefore the 
mineral matter in the Wyodak coal char “catalyzes” the formation of low desorption activation 
energy surface complexes. This represents the basis of the catalytic effect in this char. This is the 
principal reason that the reactivity of Wyodak coal char is significantly greater than that for resin 
char even at lower gasification temperam. 

Correlation of Reactivity. For conditions where the gasification rate is desorption rate-controlled, 
the reactivity can be correlated using the distribution of desorption activation energies. This is 
accomplished by integrating the desorption rate over the entire distribution: 

ca 
r = Io uo exp(-E*/RT) [C-Ol0S(E*)dE* [31 

Figure 6 presents a parity plot of predicted vs. measured reactivities for Wyodak coal char in one 
atmosphere of CO, as a function of temperature, as determined from Eq.  [3] using the desorption 
activation energy distribution obtained at 825OC. As shown, the agreement is reasonably good. 
Similar results were obtained for resin char. Therefore, it can be concluded that the correlation of 
reactivity with the TPD desorption rate is feasible. 

The objective of this work was to explore the relationship among reactivity, CO2 partial pressure, 
and post-reaction TPD spectra. The results show that CO, partial pressure has a significant effect 
on the population of oxygen surface complexes for both resin and Wyodak coal chars. Generally, 
the oxygen surface coverage increases with increasing CO, partial pressure. It was also determined 
that gasification reactivity is desorption rate-controlled in 1 atm of CO, for both chars. However, 
as the CO, partial pressure decreases, the formation rates of surface complexes become comparable 
to the desorption rates, and the reaction rate begins to deviate from desorption rate-control. 

For heterogeneous char surfaces, the distribution of desorption activation energies can be 
determined from TPD desorption rates. Predictiodcorrelation of reactivities from the desorption 
activation energy distribution is shown to be feasible for the carbon-C02 reaction operating under 
desorption rate-controlled conditions for both resin and Wyodak coal char. 

It is possible that the most labile, low temperature oxygen surface complexes that are observed to 
increase in concentration with increasing C02 panial pressure may be of the type hypothesized by 
Kapteijn et al. [91 and Chen et al. [ 161, as being formed by the interaction of CO, with existing 
sulface complexes. If this is so, then the thermal desorption methods applied here would reveal a 
shift or interconversion between labile and stable complexes with increasing pressure. This is a 
subject of continuing studies. 
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Figure 1.CO TPD spectra from resin char gasified in 1 atm of C02/He mixtures at 9OOOC to 5% 
bum-off. 

0 . 3  

- s 
'E 

e 

d 
a 0.1 
P 

> 
0.2 - 

0 - 
e ._ 
Y 
0 
V 

0 

60%C02+40 %He 

400 600 800 1000 1200 
Temperature ("C) 

Figure 2.CO TPD spectra from Wyodak coal char gasified in 1 atm of C02/He mixtures at 825'12 
to 20% bum-off. 
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INTRODUCTION 
In the past, attempts to characterize the reactivity of carbon materials have led to 
conclusions regarding the importance of active sites and carbon-oxygen (C(0)) 
complexes in the carbon/@ reaction mechanism [1,2]. More recently, questions have 
been raised concerning the possibility of oxygen presence on the basal plane during 
gasification. Studies with disordered (turbostratic) carbons (e+, polymer-derived 
carbons and coal chars) revealed that the quantity of C(0) complexes on the surface 
at gasification conditions exceeds significantly the quantities formed during low- 
temperature chemisorption [3-51. One of the possible mechanistic explanations for 
this experimental fact is the so-called "spillover effect" whereby oxygen atoms, 
chemisorbed on the edge sites of carbon crystallites, migrate ("spill over") from the 
edges to the basal plane [5]. Spillover is the process that occurs when active species, 
C(0) complexes, are formed on one type of sites (e.g., edges), and are subsequently 
transferred to another type of sites (e.g., basal plane). Although the basal plane does 
not participate directly in carbon gasification, it serves as an additional reservoir of 
oxygen.'A larger quantity of oxygen resides on the surface at higher temperatures, 
because spillover is an activated process. 
Since it is rather difficult (or even impossible) to trace the fate of oxygen atoms on 
the basal plane by experimental techniques, theoretical molecular orbital 
calculations seem to be very attractive. Results of such calculations [6-111 have 
shown that there are no obstacles for the presence of oxygen atoms on the basal 
plane at temperatures at which gasification of carbon takes place. 
Yang and Wong [12] were the first to provide experimental evidence for the 
presence and mobility of oxygen on the basal plane. Pan and Yang [lo] have 
reiterated that basal-plane oxygen should be taken into consideration in the analysis 
of high-temperature CO desorption spectra. More recently, Chen et al. [ l l ]  showed 
that an oxygen atom on the basal plane lowers the binding energy of a neighboring 
C-C bond by 30%; therefore, it is important for the analysis of carbon reactivity. In 
our previous paper [13], a reaction mechanism was proposed according to which the 
quantity of basal-plane oxygen determines the CO/CO;! product ratio. 
The objective of the present communication is to pursue a further understanding of 
the role of basal-plane and edge C(0) complexes in the formation of CO and, 
especially, COz. Both theoretical and experimental techniques were used. 

The proposed mechanism of CO and COz formation (Figure 1) follows from the 
reaction mechanism discussed in Ref. [13]. Carbon monoxide forms v i a  
decomposition of a C(0)  complex at the edge of a carbon crystallite. Carbon dioxide, 
which is known to be a primary reaction product [14], forms by interaction and 
simultaneous decomposition of adjacent edge and basal-plane C(0) complexes. 
Formation of CO requires cleavage of two C-C bonds and is straightforward. The 
transition-state complex for Con formation is more complicated; it requires the 
simultaneous cleavage of three bonds (two C-C and one C - 0  bond) and the 
formation of one C-O bond. 

MECHANISM OF CO AND COz FORMATION 

0 
II 

0 

0 
I 

m + c o  

L 
Figure 1. Proposed mechanism for CO and COP formation in the C / q  reaction. 
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MOLECULAR ORBITAL CALCULATIONS 
The objective of these computer simulations is to assess how the activation energy 
for C-C bond dissociation depends on the quantity and nature of surrounding C(0) 
complexes. The results of such calculations allow us to estimate the relative changes 
in the rates of CO and CO2 formation as the concentration of edge and basal-plane 
oxygen atoms changes. In addition, bond energies for oxygen atoms on the basal 
plane were calculated in order to show that basal-plane oxygen can indeed exist on 
the surface at reaction conditions. 
The calculations were performed using a molecular orbital theory package (MOPAC 
5). The PM3 semiempirical parametric method with unrestricted Hartree-Fock 
Hamiltonian was used. A seven-ring structure (coronene) was chosen as a model for 
the carbon surface. The edges were saturated with either hydrogen or oxygen atoms 
(Figure 2). In addition to the basic structures a, b and c, structures with oxygen on the 
basal plane in various positions were considered. With the aid of MOPAC, the 
geometries of each model structure were optimized, and heats of formation of the 
resulting structures were calculated. 
The bond energy of oxygen on the basal plane was calculated as an enthalpy change 
in the hypothetical reaction of oxygen atom removal from the surface. The resulting 
bond energies of the basal-plane oxygen in different positions are shown in Table I. 
It appears that the most stable position of oxygen is between two carbon atoms, 
rather than right above a carbon atom. This is in agreement with the findings of 
other authors [6-lo]; the absolute values of bond energies are also in agreement with 
the literature data [7-91. The rather large bond energies indicate that the basal-plane 
complex could be present on the surface, and should be included in the reaction 
mechanism. 
Figure 3 shows how the heat of formation of several model structures changes as 
the distance between carbon atoms 1 and 2 increases and the coordinates of all atoms 
except 1 and 2 are allowed to relax. The smallest distance corresponds to the 
unbroken C1-C2 bond, and the largest distance corresponds to the broken Cl-C2 
bond (zero bond order). The point of maximum energy corresponds to the geometry 
of a transition-state complex. The difference between the heats of formation of the 
transition-state complex and the initial structure is equal to the activation energy of 
the C1-C2 bond cleavage reaction. 
As the quantity of both edge and basal-plane C(0) complexes increases, the stability 
of the C-C bond is seen to decrease. For example, upon addition of a second edge 
oxygen atom, the activation energy of C1C2 bond cleavage decreases from 64.7 
kcal/mol (structure b) to 48.9 kcal/mol (structure c); similarly, it decreases from 30.7 
kcal/mol for structure bl to 5.5 kcal/mol for structure CI. More dramatic changes 
occur when additional basal-plane oxygen accumulates on the surface. The potential 
barrier diminishes from 64.7 to 30.7 kcal/mol (structures b and bl,  respectively), and 
from 48.9 to 5.5 kcal/mol (structures c and CI, respectively). This result is in 
agreement with the important experimental fact that the activation energy for 
oxygen complex removal decreases as the surface coverage increases [15,16]. 
As it follows form the reaction mechanism shown in Figure 1, cleavage of the C1C2 
bond is a reaction path for CO formation. Therefore, the above results imply that the 
activation energy for CO formation decreases and the CO formation rate increases 
with increasing population of both edge and basal-plane oxygen on the surface. 
Unfortunately, because of their complexity, no molecular orbital calculations of the 
potential barrier for C02 formation were done to date, and the influence of C(0) 
complexes on the rate of C02 formation was not determined. However, some 
speculative conclusions can be made on the basis of stability of the C1C2 bond. 
Calculations show that for structures with basal-plane oxygen (bl and cl) ,  C1C2 bond 
cleavage is an  exothermic reaction; therefore, it is probably favored 
thermodynamically. For structure c1, the exothermicity of bond cleavage together 
with a low activation energy (5.5 kcal/mol) implies that this structure is not very 
stable, and its transition to the structure with the broken Cl-C2 bond is more 
favorable. This in turn suggests that structure c1 does not give any C q  upon its 
decomposition. This will enhance the above mentioned relative increase in CO 
formation as the amount of oxygen on the surface increases. 
In conclusion, the addition of edge oxygen to structure bl and addition of basal-plane 
oxygen to structure c both lead to an increase in the C O / C q  ratio in the products of 
decomposition of C(0) complexes present on the surface. In the next section, these 
predictions are compared with experimental results. 

L 
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EXPERIMENTAL RESULTS AND DISCUSSION 
In this section, the relative amounts of CO and COz in the temperature- 
programmed desorption (TPD) patterns of two different carbon samples are analyzed 
as a function of the quantity of C(0) complexes on the surface. 
Carbon samples were prepared by carbonization of petroleum pitch and cellulose at 
1000 T, Samples were oxidized at 600 "C in a mixture of 20% 02/80% Ar until -20% 
burnoff, and then cooled to room temperature at the fastest possible rate (-100 
"C/min in the beginning of cooling) either in 0 2  or in Ar. After cooling and without 
any exposure to air, the samples were analyzed by TPD. The products of surface 
oxygen complex decomposition were monitored by a quadrupole mass spectrometer. 
The procedure of cooling the samples in different atmospheres allows one to 
prepare samples with different surface concentrations of C(0) complexes, while 
preserving the same total surface area; so the effect of surface area variations is 
minimized. During the cooling stage in 0 2 ,  chemisorption of oxygen produces 
additional C(0) complexes on the surface. Since gasification is not taking place, these 
complexes remain on the surface and are revealed in the subsequent TPD analysis. 
During the cooling stage in the inert gas, no additional oxygen chemisorption 
occurs; instead, desorption of the least stable (reactive) C(0) complexes takes place. 
The TPD spectra of two pitch-based carbon samples are presented in Figure 4. In 
agreement with the work of Ranish and Walker [la and Lizzio et al. [4], the sample 
cooled in 0 2  has a much higher amount of oxygen on the surface; it also has a 
higher amount of CO in the decomposition products. Very simiIar results were 
obtained for two cellulose-based samples (Figure 5); although the total amount of 
C(0) complexes is much less dependent on the manner of cooling, the CO/C@ ratio 
is again higher for the sample that was cooled in 0 2 .  

Therefore, the CO/CO2 ratio in the products of TPD increases as the quantity of 
surface oxygen increases. This result is in excellent agreement with the results of 
molecular orbital calculations. An increasing amount of oxygen on the surface 
would lead to a larger proportion of structures of type c1 relat,ive to b, bl and c,  of 
structures c relative to b,  and of structures bl relative to b .  According to the 
molecular orbital calculations discussed previously, all of this would lead to an 
increasing quantity of C O  in the products of decomposition of these complexes. 
It is important to emphasize that the observed increase in the CO/C@ ratio (in the 
products of TPD) with increasing quantity of C(0) complexes is exactly the opposite 
to what is commonly observed during carbon gasification in 0 2 .  In agreement with 
the literature data [2], we have found that the CO/C@ ratio decreases as the total 
amount of C(0) complexes increases during gasification in 0 2 .  In order to explain 
these different trends, which are thought to contain important mechanistic clues 
[MI, further investigation of the effects of surface oxygen on 0 2  chemisorption us. 
C(0) complex decomposition is needed. 
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Table L Bond energies of oxygen atom on the basal plane in different positions, Il 
in kcal/mol. 
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Figure 2. Model carbon structures used for molecular orbital calculations. 
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INTRODUCTION 
The oxidation of graphite is a reference process for both generation of energy by combustion and 
for fundamental aspects of gas-solid interface reactions. The absence of large perfectly ordered 
crystals of graphite render rigorous model studies under surface science conditions very difficult 
despite the significant efforts in this area with large synthetic graphite surfaces(1). With integral 
kinetic techniques such as TPRS and instationary kinetic data a detailed mechanistic picture has 
been develloped in a longstanding effort introducing a fraction of the geometric surface as active 
surface and the competition of two types of oxygen surface complexes which are either static and 
hence inhibiting or mobile and hence reactive in gasification(2.3.4). In addition, the selectivity to 
CO and C& was traced back to different types of reactive surface intermediates with carbonyl or 
lactone structures respectively(5). The present contribution is an attempt to investigate the 
reaction with experiments aimed at selected atomistic aspects of the mechanistic picture. In a 
previous study the gasification of HOPG was found to procede at low temperatures (200 K) and 
low oxygen partial pressures (10.' mbar) on suitably prepared surfaces (6). In this work as well as 
in many other reports(l,2,5) the importance of defects was pointed out which are either present in 
the substrate or may be. created during reaction. In the model experiment (6) self-passivation 

temperature oxidation. The existence of strongly adsorbed oxygen and weakly adsorbed oxygen 
(2.3.7) in two different bonding geometries is a common ingredient to kinetic models of graphite 
oxidation. 
Graphite oxidation is the prototype of a topotactic reaction proceeding only at the prism faces 
which should lead to a uniform shrinkage of the individual particles in uncatalysed reaction. 
Parallel to the recession mechanism there are basal plane defects which cause pitting corrosion 
creating additional prismatic faces during gassification and contribute in a difficult to control way 
to the overall rate. Other types of defects pin the edge recession e.g. by the occurence of local sp3 
bonding leading to a continous change in the length of the reaction interface and the creation of 
micro-hills (8) on reacting surfaces. 
We used large flakes of RFL (0.5-1.2 nun dia.) and powders AF (3-1-pn dia.) natural graphite 
from Kropfmiihl (Bavaria) which was purified from silicate and metal residues by basic melt and 
acid leaching. Standard gassification conditions were 20% oxygen in nitrogen and 927 K reaction 
temperature. 
Modelling of the reaction is necessary to link macroscopic rate observations which are often 
severely affected by mass- and energy transport limitations with a minimum set of elementary step 
reactions describing the overall process: 

2 * + 0 2  -i &ads (1) 

o c c u ~  after very little conversion due to the creation of strongly adsorbed oxygen g low- 

0 2  ads + 2 electrons --f &"ads (2) 
&"ads + 2 electrons + 20'- ads (3) 

C# + 02- ads + COads + 2 electrons+ * (4) 
COads + CO +C#  (5) 

COads + O2 + C a a d s  + 2 electrons + * (6) 
CoZads + C&+C# (7) 

These steps of reductive activation and carbon oxidation at a suitable defect(#) comprise the 
minimum number of reaction steps for the overall oxidation. It is evident that besides the reaction 
centre a second type of chemisorption site (*) is required for the reductive activation of oxygen 
which must exhibit an excess of delocalised electrons such as at the basal planes. These terrace 
sites are, however, unreactive for the nucleophilic activation product which implies the surface 
diffusion of the activated species. Some of these steps are different when homolytically activated 
oxygen from chemical or physical sources is involved (9). In this case, however, the topotactic 
reaction behaviour is lost. A key issue is the exact chemical nature and the location of the two 
types of active sites. 
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Fig.1: Selectivity, yield and 
TGDTA response of an integral 
reaction experiment at standard 
conditions of a 0.5 cm bed 
composed of a 3:l mkture of AF 
graphite with S i c  powder in a 
coupled TG-IMR-MS experiment. 

In Fig.1 we summarise macroscopic 
kinetic observations of a 
gassification experiment of AF 

Sufficient dilution with silicon 
carbide ensured the presence of 
molecular oxygen at the reactor 
outlet at all temperatures applied. A 
special mass spectrometer of the 
JMR-MS ionisation type is applied 
for sensitive detection of CO and 
CO, without fragmentation overlap. 

!!I 2 Both the changes in selectivity and 
in rate (proportional to the DTA z. 

I c signal) indicate that the above 
reaction scheme is insufficient to 
explain the reaction progress in this 
case. The increase in C a  
selectivity in the low-temperature 
regime complies with the initial 
removal of pre-formed C - 0  

graphite in an integral reactor. 

, 

insenion structures. The second increase in C02 at high conversion would mean that the insertion 
of active oxygen in suitably defective carbon-carbon structures becomes increasingly dominating 
over the addition of active oxygen onto unsaturated edge sites. This can be seen as consequence of 
the increasing abundance of mobile surface atomic oxygen (4) creating a high virtual pressure of 
oxygen. The di-oxygen partial pressure and the increasing abundance of basal plane sites (C*) 
increase with bum-off in contrast to the decreasing abundance of oxidation sites (C#) due to the 
recession of prismatic faces. 
Changes in rate and selectivity with bum-off were also observed in isothermal macroscopic 
experiments which were found to be critical in quantitative reproducibility. Thus it was felt that 
single particle gassification experiments should be useful. The alternative, to use less active 
reagents or to drastically reduce the temperature. may lead to better kinetic data but may not 
describe the reaction in the same kinetic state as it is characteristic for a practical combustion, i.e. 
a different reaction step may be rate-determining at low rates (10) than at higher rates. 

RESULTS 

Fig.2: IMR-MS responses for single particle 
ga.ss#cations. The graphite weight in pg is 
used to designate the experiments. The top two 
traces refer to AF, the lower trace to RFL 
gassification. The unassigned trace is the 
water response for the RFL gassijication. The 
vertical dashed line indicates the first time of 
constant oxygen partial pressure. At  t=O the 
heating in nitrogen was started After reaching 
927 K the gas was changed to oxygen in 

a - - ~m *a nitrogen. For the RFL experiment the oxygen 
was admitted in two steps at 11 and 20.5 min. 

The simultaneous observation of the weight change and the gas evolution allowed to accurately fix 
the correct sample weight in single particle gassification experiments displayed in Fig. 2 which are 
heavily perturbed by bouyancy effects when starting the isothermal reaction after rapid heating m 
nitrogen. For AF oxidation a portion of the ceramic sample holder was dusted with graphite 
particles, for RFL single clean flakes (optical microscope) were used. In all cases after reaching a 
certain threshold partial pressure of oxygen a burst of reactivity occured which was followed by a 
continous activity at much lower level. For RFL, graphite the threshold lies at about 5 ~01% 
oxygen. Associated with the inital gassifrcation is the desorption of water arising from oxidation of 
OH groups. The burst in reactivity is not connected with the creation of active sites from the OH 
group desorption as can be seen from the absence of a burst in the water trace. The data imply that 
an aged graphite surface is particulady reactive as the short duration of the burst excludes a 
location of the active centres underneath the surface. 

M * ( m K l U h ,  
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The behaviour is reflected in the inital rates of reaction obtained from the weight change data.The 
observation that within the experimental accuracy both types of graphite with differing geomemc 
surfam gave comparable results indicates the integral character of the rate integrating over many 
processes and changes in local surface structure. Unexpected is the shape of the rate curve with 
time, as the initial gassification of a reactive surface followed by a steady state bulk reaction 
should not lead to a rate minimum which depends in its shape on type and mass of the graphite 
used. The characteristic time for reaching a constant rate is with about 120 min so long that a 
process of surface modification can be excluded. Moreover, comparison with the gas evolution 
data in Fig.2 reveals that the activity in gassification does not pass through a minimum but follows 
the expected behaviour. 'Ibis implies that the weight change not only reflects the weight loss from 
gassification but indicates a simultaneous weight gain from the uptake of oxygen. Given that we 
are dealing with non-porous samples, the i n c m c  in weight cannot only be attributed to the 
formation of unreactive surface oxygen functions which can only cover a fraction of a monolayer 
(a monolayer of oxygen atoms on the geometric surface of a RFL flake would weigh about 0.002 
pg, which is below the detection limit of the present experiment). We attribute the weight gain to 
the incorporation of oxygen in the bulk of the graphite sample. The effect is strongly dependent on 
temperature with a significant reduction in the detectable amount of incorporated oxygen with 
increasing temperature (less than 20% at 977 K compared to the amount at 927 K for RFJ.,, for AF 
the effect is smaller than for RFL and so is the temperature dependence). The total amount of 
incorporated oxygen is with about 3 wt% of the RFL, sample small enough to leave the question 
about its location in irregularities of the mosaic structure or as intercalate within the van-der Waals 
gaps of the regular crystallites. This will be discussed below. 
STM can be used to reveal local details of the oxidation mechanism of graphite (8,ll) as the 
reaction does not produce -as in metal oxidation reactions- scales of low electric conductivity. The 
extra high sensitivity of STM to roughness allows to image deviation from a planar surface with a 
sensitivity of 2-3 orders of magnitude higher than the lateral resolution of a survey image. This is 
illustrated in Fig.3 showing a RFL flake before gassification and the same flake after 20 % bum- 
off. The outer surface of the flake is rather irregular and exposes a high abundance of prismatic 
faces in form of micro-flakes sitting on top of the main particle. After partial gassification these 
micro flakes have all disappeared leaving a smooth surface with a considerably lower basal- to 
prism face ratio. It is noted that none of the steps seen in this image are monosteps. The minimum 
height is 3 steps and only odd numbers of graphene layers were observed to constitute these stable 
edges. The impression of the regularity is adventitious, there are many situations with irregular 
edges on the over 1200 images which were analysed. The different appcamnce of the steps in 
different directions is due to the uneven shape of the STM tip used for imaging. These tips have to 
be extra coarse in order to survive the frequent crashes which are unavoidable in imaging such 
rough surfaces. From these images it becomes apparent why gassification starts with a high initial 
rate as the intermixing of the two active centres of planar basal planes for oxygen activation and of 
rough prism faces for oxidation is much better than after removal of the microflakes. The images 
fit well to the integral observations of the rate measurements. The triangular rows in image 3C 
indicate the local interruption of the surface electronic conductivity by f m l y  held adsorbates such 
as strongly bound oxygen atoms decorating lines of defects in the partly gasified crystal. Ribbons 
of dislocations which are normally detected by TEM contrast (12) are exposed to atomic oxygen 
and provide centres for stable functional group formation. The absence of atomic resolution in 
oxidised areas can further be seen in image 3D which shows the rare situation (8 out of 1200) of 
the coexistence of insulating islands of non-graphitic nature such as ,,carbon oxide" or diamond- 
lie carbon with normal surfaces separated by a double- and single-atomic step structure. These 
two latter images reveal the presence of lines and areas of basal planes which are non-graphitic in 
character and provide evidence for a local chemical heterogeneiety. 
Imaging monoatomic steps on graphite is rarely possible on cleaved surfaces. On oxidised surfaces 
il is, however, possible in particular at monoatomic etch pits. Fig.4A shows a situation in which a 
top crystallite exhibits a 120 deg edge while sitting on a monoatomic step. At this level of 
resolution the high degree of orientation along crystallographic main directions can be seen in 
areas with low defect density. Most remarkable is the different appearance of the two prism faces 
(triatomic step height) in two different directions. The analysis of the effect as function of the 
STM parameters reveals that the ,,structure" in one prism face is an artefact caused by the absence 
of electrical conductivity. This precludes imaging of the atomic arrangement but reveals that the 
local chemistry of the two prism face orientations is different with the structured face being largely 
covered by covalently bound oxygen groups. The other edge seems to be free of insulating bonds 
and may thus represent a more reactive face. These assignments are speculative as the 
observations are not possible during gassification (4). It remains, however, the evidence for a local 
difference in chemical interaction of differently oriented prismatic faces. 
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Fig.3: STM wide scam over a flake of 
RFL graphite before oxidation(A) and 
afer  20% bum-off (B,C;D). A Burleigh 
ARIS 6000 instrument with a W tip was 
used: gap voltage + 50 mV, constant 
current 1.0 nA. raw data as line scans. 
Scan areas are: A,B: 300x300 
nm,C:500x500 nm, D:50x50 nm 
In image 4B the atomic resolution k 
illustrated of oxidised steps near a 
terminating basal plane defect. Two top 
graphene layers are sitting in different 
rotation angles relative to the supporting 
graphene layer. The fuzzy appearance of 
the steps is also due to an imaging 
artefact caused by a low elecmcal 
conductivity at the step edges. The 
striped appearance is a sign of the tip 
crashing into the step and rquiring to 
travel over several atomic distances 
behind the steps to reach stable tunnelling 

conditions again. This is a strong indication of the presence of localised electronic states at the 
step edges and the absence of radicals or delocalised states at these locations. The presence of 
carbon-heterobonds (oxygen or hydrogen) is the likely explanation 

Fig.4: STM images of RFL afer  50 % burn-ofl In image A the dashed lines denote the conmurs 
of a top crystallite sitting over a plane with a monoatomic step (full line). In B the atomic 
resolution is achieved for oxidised monoatomic steps. The figures denote the lateral image size, 
the step heights were determinedfrom profile scans (not shown). The imaging conditions were as 
in Fig.3. 

which allows to experimentally support the chemical notion that the terminating graphene edges 
are the places of interaction between carbon and oxygen. This image reveals a possible zone of 
reactivity for addition (edges) and insertion (rows of atoms right behind the step) of activated 
oxygen. The formation of islands of modified carbon atoms within basal plane terraces as a 
consequence of gassification was not observed indicating that the spontaneous creation of 
gassification sites within perfect graphene sheets does not occur. This follows also from 
thermodynamics as the creation of the very first single vacancy requires 676 H/mol energy (13) 
whereas the produced Co2 molecule contributes only 393 H/mole to the energy balance. The 
creation of vacancies becomes rapidly easier with defects already present (13). The necessity to 
have already an intemption in the graphene layer for the oxidation to procede, drives the reaction 
to clean basal planes (1 1) and to a topotactic progression along prism faces and along ,,a-priori” 
defect sites (4.14). 
We failed to detect islands of oxygen at the terraces of the basal planes as they are seen in metal- 
oxygen interaction studies. This implies that the interaction of oxygen with the basal planes which 
is required for its activation is too weak to allow imaging by STM or that the STM tip field is 
sufficient to clear the imaging area on the basal planes. We have shown by TDS that both water 
and oxygen are adsorbed on basal planes and that the failure to see these adsorbates is an STM 

. artefact@). 

X-RAX DIFFRACTION EXPEIUMENTS 
For the observation of a gas-solid interface reaction the bulk-sensitive technique of x-ray 
diffraction should not provide any useful data as the reacting surface is not probed by the 
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exoeriment. In continuation of our single particle analysis of the reaction we studied RFL flakes by 11 
Late photographs as function of burnroff: The results-are summarised in Fig.5. 

. .  . 
j.- 

0 0.1 0.2 0.3 0.4 
Position 

F i g 3  h u e  Photographs (Mo ka radiation, beam parallel to the e-axis) of a RFL flake before 
oxidation (top densitometer trace and photograph) and after 20 I burn-off (bottom densitometer 
trace). It emerges very clearly that the flake was polycrystalline in (hk) orientation and became 
a l m s t  perfectly single crystalline afier partial oxidation. 
The data show that the flake was liberated from small crystallites throughout its volume. 
Moreover, the mosaic crystallites constituing the main part of the flake became better aligned in 
the basal plane (sharp profile after partial oxidation). This observation is corroborated by the fact 
that h u e  patterns (parallel a,b) showing the stacking order could not be obtained before oxidation 
but revealed a high degree of AB stacking after partial bum-off. This indicates that partial 
oxidation causes a kind of ,,chemical annealing". The most defective crystallites will be burnt away 
preferentially and so will be interstitial carbon in the interior of the mosaic crystal. This requires 
the action of oxygen not only on the geometric surface but also at the inner surfaces of defective 
regions. This is seen in parallel to the small but detectable storage of oxygen in the initial phase of 
oxidation. We would thus locate the oxygen not as an intercalate in between the graphene galleries 
but rather as ,,bubbles" located at defects. 
In-situ powder diffraction studies of the (002) reflection under standard gasification conditions 
were performed in order to support this interpretation. Intercalation, even in small quantities 
should lead like in residue compounds to a splitting and broadening of the (002) reflection. Initial 
experiments with H O E  as sample and Si as internal standard seemed indeed to support the 
notion about the residual intercalation (15). Frequent repetion of the experiment in different 
diffractometer geometries and with different graphite materials revealed, however, that the 
observed drastic changes in lineprofiles are diffraction artefacts caused by the uncontrolled sample 
movement exposing differently misaligned sections of the mosaic crystal to the diffraction 
condition. The lineprofile became increasingly symmetric and significantly narrower with 
progressing oxidation after removing this artefact. This is exemplified in Fig.6 The unsteady 
course of the difference curve at low temperatures indicates the residual positionning problems of 
the R K  sample. A persistent reduction of the linewidth close to the instrumental limit was 
observed after oxidation and cooling back to 300 K. The lattice constant was also observed to 
shrink irrevesibly after oxidation from the value of the Ar experiment which was found to be 
340.12 (H.03) pm at 873 K. The selectivity was also found to change with the structural 
parameters. The excess of CO2 formation increased in parallel with the reducing FWHM and with 
the change in lattice spacing. In particular, the onset of all changes co-incided in all experiments 
suggesting a correlation of the effects. The defective structural parts gassify preferentially to CO, 
the better ordered graphitic carbon reacts preferentially to C a . .  

I 

X-RAY ABSORPTION SPECTROSCOPY 
The average local electronic structure is an important parameter in the reactivity scenario of the 
gassification as it provides information about the action of the di-oxygen activation as rate- 
determining step. XPS was found to be rather insensitive to the variation of carbon-carbon 
bonding within one type of graphite partly because of the photoemission physics and partly 
because of the ill-defmed surface-sensitivity (16). This fact can be used advantageously in 
performing photoabsorption experiments at the carbon Is edge using synchrotron radiation. In this 
experiment the insensitive photoemission process is the inital state allowing thus to interpret the 
spectra without having to account for initial state changes. The general shape of the spectra which 
allow cleary to discbinate n* states from o* states has been discussed elesewhere(l6. 17). In Fig. 

152 
I 

\ 



\ 

i 

7 some quantitative data about the x* states are collected. A sample of H O E  was used for the 
reference experiment shown in the top panel. The changes in the Dolarisation of the x* resonance 
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Eg.6: Evoiution of the FWHM of the RFL 
graphite (002) rejlection as function of in- 
situ treatment temperature. The data were 
obtainedfrom Gaussian lineprofile firs. TAe 
difference plot proves the action of oxygen 
and not of temperature in the annealing 
procdure. The data were recorded after 
reaching steady state conversion at each 
temperature point in the oxidation scan and 
after 2h waiting under Ar respectively. 

are c o m p d  for pristine, oxidised and Ar 
ion sputtered surfaces. Oxidation causes 
mainly a surface roughening by pining 
giving rise to the small loss in polarisation at 
low angles between the light beam and the 
sample basal plane. The average electronic 
structure is, however, not different between 
pristine and oxidised graphite indicating that 
oxidation procedes on few sites on the 
surface and does not cover the surface with 
intermediate C - 0  groups. This precludes a 
significant reaction-induced increase in 
defect abundance. Sputtering of graphite 
with Ar ions destroys the surface and breaks 
many sp2 bonds leaving a electronically 
highly disordered surface (18). This can also 
be seen drastically from the change in 

polarisation behaviour which indicates the loss of preferred orientation of the D* orbitals (reduced 
slope) and the loss in abundance of sp2 centers (smaller absolute value at high angles). Thh type of 
surface serves as model for a type of defects inhibiting oxidation by removing the delocalised 
electronic states required for the fxst three steps in the oxidation sequence. The fact that such an 
isotropic attack of the surface electronic structure does not occur during oxidation is a 
microscopic confirnation of the topotactic nature of the reaction requiring for its progression 
minority surface sites which are not located within the basal plane. 
This technique is also suited to follow the evolution of the graphitic character with bum-off by 
examination of the intensity of the x* resonance normalised to the carbon content as shown in the 
lower panel of Fig. 7. Changing the detection condition from total Auger yield to partial Auger 
yield allows to probe non-destructively the electronic structure depth-selective. The data show 
that with increasing bum-off the degree of graphitic surface increases both at the surface (topmost 
atomic layer) and in the bulk (some 10 nm). This is full in line with all other observations reported 
here and shows for a large area the ,,cleaning" effect detected by STM. It further shows that the 
oxidative bulk annealing reduces in the inital stage of gasification the abundance of non-graphitic 
carbon atoms. 

CONCLUSIONS 
The microscopic informations presented corroborate in general the traditional view about the 
reaction mechanism as a topotactic gas-solid reaction with two different active sites having to 
interact for efficient reaction. The prism faces seem to be chemically different according to their 
crystallographic orientation. They are, however, clearly the sites of carbon-heterobond formation. 
The consequence of the step is a pronounced modification of the electronic structure of the carbon 
atoms near the edge. ?hese observations call for a structure-sensitivity of the reaction at different 
location of the active sites (e.g. variation after equations (5) and (6) of the mechanism). This 
would be in line with the picture of oxygen addition and insertion as beiig the elementary steps 
defming the selectivity. The conjecture that one of these reaction sites would mainly not be located 
near prism edges or ,,a-priori" defects is not supported by the data presented. The high thermal 
stability of the carbon heterobonds on an intact long-range-ordered prismatic edge (see Fig. 4) 
requires the overall high reaction temperature of the gasification in order to achieve steps ( 5 )  and 
(7) of the reaction sequence. Higher disordered reaction interfaces with an average lower carbon 
coordination number are benificial for a lower reaction temperature or a higher rate. (Fig. 3). 
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Fig. 7. Top: Angular dependence of the 
intensify of the 286 eV n* resonance for 
differently prepared HOPG surfaces. 
Oxidation was performed in-situ under 
standard conditions which created a large 
amounts of etch pits. Ar ion bombardment Was 
carried out at 1 kV and 10-4 mbar Ar for 2 
min. XAS data were recorded in the total yield 
mode at the HE PGM I1 station at the BESSY 
synchrotron. The bottom panel shows the 
evolution of the n* intensity with burn-off for 
AF graphite (external sample preparation). 
Surface sensitivity is created by  comparison of 
total yield (0 eV. bulk) and partial yield (150 
eV, surface) data. 
The single particle experiments further gave 
evidence for the preferential bum-off of small 
crystallites with high initial rate covering the 
individual flakes. This process drives the 
reaction towards a state in which activation of 
chemisorbed di-oxygen according to reactions 
(1)-(3) is not rate-determining despite the 
overall small sticking coefficient of di-oxygen 
on araohite (001). This is taken as strong 

indication that the well-ordered basal planes provide active centers for reductive di-oxygen 
dissociation and exhibit a function in the gasification mechanism. 
Incorporation of oxygen into graphite in weighable amounts was detected which is likely to be 
located in the voids of the mosaic crystal. It was not possible to produce unambigous structural 
evidence for regular intercalation of oxygen as islands between graphene layers. At the ,,internal" 
surfaces the oxygen removes preferentially lattice defects which allow oxidation-induced low- 
temperature annealing of the graphite. crystal. The effect was detected by X-ray diffraction 
methods and by the observation of the action of mechanical forces providing activation energy for 
defect ordering (see Fig. 3 C). Careful oxidation of natural graphite flakes can lead to well-ordered 

Defects act on the gassifcation rate as promoters by interrupting the long-range electronic 
structure of the graphene edges or within the planes (pitting) without destroying the local 
electronic structure (Fig. 7) or as inhibitors by pinning the delocalised valence electrons within a 
few interatomic distances. The counteraction of these irregularities gives rise to an unpredictable 
rate of individual mosaic flakes. The generation of a sufficient number of defetcs to modify the 
surface electronic structure as detectable by a (small) change in average hybridisation or structural 
roughening was not observed. 
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INTRODUCTION 
The pore structure and its evolution during bumout are major influence on the mechanism of 
conversion of highly porous chars. Recently, this topic has been presented in several studies [I-81. 
Pore structure, can be studied from macroscopic quantities that can be presently measured routinely. 
Evolution of the pore structure and its influence on char reactivity can be studied from changes in 
(1) external dimensions, (2) physical properties, and (3) reaction rate. In this review we concentrate 
on the role of pore structure for char reactivity and narrowed down to highly porous chars with no 
volatile or mineral matters. We present an overview, that includes only experimental results, on 
processes and properties for single particles of highly porous synthetic chars oxi+zed by oxygen. 
We will show that there is a general behavior connected to the evolution of the pore structure. 

Spherocarb particles (synthetic char) were chosen as a model material because they have relatively 
well defined and reproducible, are quite spherical and have very close pore structure. to certain coal 
chars. Only results fiom kinetically controlled conditions (regime I) are included. The particles were 
with initial total porosities in the range 70-80%, with diameters in the range 150-250 pun, oxidized 
in air or in pure oxygen, with or without moisture, in the temperature range 700-1200 K. Care was 
taken to include results that obey the Thiele criterion. Four topics will be discussed: (1) Changes in 
external shape of particles. (2) Fragmentation. (3) Changes in physical properties. (4) Oxidation rate. 

Most of the results presented here were obtained with an electrodynamic chamber (EDC). For details 
on the EDC see for example in Refs. [5,9-171. The EDC has been developed and applied for kinetic 
studies of single particles at high temperatures in many studies. The main advantages of the EDC 

I 

I 

1 

are: (1) Ability to study the kinetics of a single particle in well controlled conditions. (2) Ability to 
characterize the particle prior to reaction and monitor the important quantities in real time during 

I 

reaction. (3) The elimination of heat and mass transfer limitations existing in other methods that 
restrict kinetic measurements to slow rates. (4) The ability to study particle to particle variations. 
The quantities that were measured for single particles are: weight, shape and dimensions, density 
and porosity, temperature, total surface area, thermal conductivity, heat capacity, reaction rate. I 

OBSERVATIONS AND DISCUSSION 

Decrease in external dimensions of a particle is referred to as shrinkage. If reaction occurred in 
external surface, as in regime III and partially in regime II, change in external dimensions are 
understandable and expected. However, in regime I where oxygen is available to all active sites, the 
changes in the external dimensions must reflect the changes in the internal morphology. Two types 
of shrinkage have been observed: uniform and nokuniform shrinkage. 

, 1. Changes in External Shape 

Uniform Shrinkage. Shrinkage has been observed in various studies [15,16,18-201 for highly 
porous synthetic chars oxidized in regime I. It has been shown [21] that shrinkage is a general 
phenomenon occurring for a variety of carbonaceous materials at ranges varying from tens of 
nanometers [22] to 70 mm [23]. Shrinkage factor was defmed as the ratio of volume to initial 
volume. Figure 1 shows results for the shrinkage factor vs. conversion. The results were gathered 
from about forty different experiments covering the ranges of diameters, temperatures, and densities 
mentioned above. The shrinkage factor decreases monotonically with conversion not obeying 
neither the shrinking sphere model (linear decrease, constant density) nor the hollow sphere model 
(constant diameter). It was established [19] that shrinkage is not due to external surface reaction, but 
is a homogeneous reaction-induced densification of the microporous solid phase. Shrinkage is 
ascribed to rearrangement in the microstructure. Thus, if shrinkage is a result of morphological 
changes, other properties connected to the pore structure must change accordingly. Porosity (or 
density) and-internal surface area were extensively investigated. Figure 2 presents results for 
normalized density vs. conversion. Density decreases with conversion to approximately half its 
initial value at about 85% conversion. Although at high conversion the results are scattered a clear 
indication of increase in density is seen. This increase may be due to densification of the solid, 
which is also reflected in the thermal conductivity as will be shown below. The total surface m a  
results are less dramatic, but display the same behavior. 

Non-Uniform Shrinkage. Non-uniform shrinkage has been observed [15,17] when a particle was 
irradiated non-uniformly. It has been quantitatively investigated in a systematic manner [24]. Results 
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of the shrinkage factor for non-uniform shrinkage from many runs show a similar trend to that seen 
in Fig. 2, however, with some meaningful differences. The shrinkage factor is equal in the two cases 
h m  zero conversion to about 50% conversion, then there is a systematic deviation between the two 
phenomena. Clearly, the deviation is due to different propagation of the pore structure in the two 
cases. The important finding is that non-uniform shrinkage is also a general phenomenon that is 
independent on initial values of porosity and diameter, and reaction rate. The major conclusion from 
both uniform and non-uniform shrinkage is that the pore structure as represented by shape, external 
dimension, porosity and total surface area, is undergoing a pattern that is equal to all cases regardless 
the initial conditions or reaction rates. 

2. Fragrnenfation 
Fragmentation is another phenomenon that can shed light on the nature of the pore structure and its 
evolution. The mechanism that arises from the evolution of the pore structure is usually referred to 
as percolation fragmentation for oxygen percolates through the porous structure and "erodes" the 
carbon microcrystals with a possible subsequent fragmentation. Percolation fragmentation of carbon 
spheres during oxidation was reported in a number of studies [25-281. A theory for percolation 
fiagmentation was developed and showed that for any homogeneous material, fragmentation will 
occur at a critical porosity of about 70% [28]. Recent observation [15,24] showed also local 
percolation fiagmentation. These results strengthen the thesis that fragmentation is a threshold 
phenomenon that occurs above a critical porosity, as predicted in [28]. More than one hundred 
experiments were carried out up to 80% conversion. None of these showed any fragmentation but a 
few (two or three) showed formation of a hole in the center of the particle. This was indicative to 
local percolation fragmentation and was predicted by a recent model [23]. Another twenty-two 
experiments were conducted up to completion and half of them developed holes in the particle 
center. Out of these, only a few particles broke into two particles. The formation of holes is resulting 
from the evolution of the pore structure. In all experiments the particle underwent non-uniform 
shrinkage, transforming the initially spherical particle into a disk at 50-60% conversion. At higher 
conversion (above 85%) about half of the particles developed holes in the center. Figure 3 presents a 
typical conversion vs. time curve with a sequence of shadowgraphs depicting the shape development 
of a Spherocarb particle of 204 micron diameter at various conversions, oxidized in air at T=920 K. 
Spatial dimensions of the particle are included in the figure. Three regions of oxidation are 
observed: (i) at low conversion the particle hardly loses mass; (ii) quick mass loss from about 4% 
conversion to about 95 conversion; and (iii) very slow mass loss Iioni about 95% up to completion. 
The initially spherical particle turned into a disk at about 60% conversion. 

To conclude, formation of holes is a manifestation of the pore structure evolution displayed more 
pronouncely in disk-shaped particles, formed due to non-uniform shrinkage. Finally, breaking of the 
particle is a mere coincidence and a random incident where a particle can break due to growth and 
overlap of large macropores. The important thing is that in all these experiments, the behavior 
during oxidation was identical for all particles, regardless of initial conditions and oxidation rate. 

3. Changes in Physical Properties 
Some physical properties of chars depend on distribution of voids and solid microcrystals. Other 
properties are the reflection of the details of the pore structure, such as connectivities, microcrystal 
dimensions. Density, total surface area, and beat capacity, belong to the former and thermal 
conductivity to the latter. In both groups the behavior of the properties depend on the evolution of 
the pore structure. Thermal conductivity was systematically studied recently [16,29,30] and was 
shown to be a very strong tool for details of the pore structure and its evolution. 

Thermal conductivity. It has been clearly shown [29] that all previous concepts for highly porous 
materials cannot explain the strong observed change in thermal conductivity with conversion. The 
surprising result is that total porosity plays a minor role in the evolution of the thermal conductivity. 
A model showing that thermal conductivity is a property that is highly capacious of the information 
on the internal microstructure has been developed [29]. Main conclusions are that thermal 
conductivity is affected by: (1) Consumption of carbon on the internal surface. (2) Coalescence of 
microcrystals. (3) Activation of intercrystal joints. The change in thermal conductivity k, with 
conversion was found to be similar for all particles, regardless of initial conditions or reaction rate. 
Figure 4 shows wu, (min refer to minimum) for eleven particles at different temperatures. The 
value of k&,,,,, decreases with conversion by a factor of 5-7 from zero to 30% conversion. &. 
remains constant until 80% conversion, then it rises by a factor of 2-3 from about 90% conversion to 
final bumout. The results from the common models [32] show a very poor match to the 
experimental data. k&, decreases much slower with conversion at low conversions than observed 
and it behaves opposite to the observed behavior at high conversions. However, a good fit to the 
model that includes the features of the micromedium was obtained. The significance of these results 
is that it is most probable that the main role in the change in thermal conductivity, both at low and 
high conversion, is the change in the dimensions of microcrystal joints. At low conversion the fast 
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decrease in k, can be explained by activation of intercrystal joints, is.,  breaking the joints. The 
increase of thermal conductivity at high conversion can be ascribed to the increase in the radius of 
an intercrystal joint. The increase of a joint is a manifestation of better ordering of an individual 
microcrystal. The abruptness of the increase is likely to reflect the spontaneity of the process. 
Therefore, we interpret the increase in k, as an indication of conversion induced graphitization. An 
indication to graphitization at fmal burnout stages can be found in a recent study [31] where high- 
resolution tunneling electron microscopy was used. We should, therefore, conclude that the more 
likely model to represent thermal conductivity is the one that considers the details of the 
micromedium structure (including nature of connections between microcrystals) and does not 
consider the porous structure as a mere two-phase medium -- solid/gas -- as represented in most 
thermal conductivity models [32]. This conclusion strengthens the importance of thermal 
conductivity for the understanding of changes in the pore structure of highly porous media in 
general, and for chars in particular. 

4. Mass Transients 
Numerous measurements of mass loss were carried out for Spherocarb particles reacting in regime I 
at the range of conditions specified above. A convenient way of presenting the data is conversion vs. 
normalized time (by time at half conversion -- tin). as shown in Fig. 5 .  The various results fall 
within one curve, within experimental uncertainty (larger scatter at long time region). Three regions 
of behavior are observed (1) slow mass loss with time in the early stages of burnout; (2) fast 
reaction; and (3) slow reaction at fmal burnout. Figure 6 shows normalized reaction rate (with tln) 
vs. conversion measured from different studies at various temperatures. The fact that all results 
(transients and rates) can be normalized by one quantity (tl,J has a very strong significance: All 
three stages of conversion are strongly related to the same mechanism. Note that this mechanism 
prevails for all conditions of regime I. One can deduce that consumption of carbon is governed by 
one mechanism. Dividing the consumption process into two stages, one at which reaction sites are 
activated and the other is the actual gasification (solid carbon turns into gaseous carbon, Le., CO or 
CO,). Clearly, from the results of Figs. 5 and 6, gasification (stage 2) cannot be the rate determining 
step for it is unlikely that the two mechanisms have the same activation energies. Thus, the only 
conclusion that one can draw flom this behavior is that activation of sites is the dominant 
mechanism that governs the consumption of carbon. Active sites, however, are a direct consequence 
of the evolution of the pore structure. Therefore, the reactivity of chars as physical properties 
discussed above are also a direct consequence of the pore structure. 

In light of this conclusion one can draw a picture of the reactivity behavior of highly porous chars. 
In the early stages of bumout reactive sites are very scarce and reaction is very slow. As reaction 
proceeds, morphology and crystallinity change, and as a consequence reactive sites start to build up 
and reactivity increases. At some stage, reaction progressed such that reactive sites start  to decline, 
resulting in decreasing of reaction rate, that occurs at high conversion. In fact from this description 
one can deduce that the behavior of reaction rate is a consequence of the change in active sites an 
that the intrinsic reaction rate is constant with conversion. 

SUMMARY 
The selection of Spherocarb particles has given us the opportunity to examine physicochemical 
processes under well defmed and reproducible conditions. Differences were only on total porosity 
and diameter. The numerous results obtained in a wide range of conditions has provided a wide- 
angled view that can help elucidate the governing mechanisms for oxidation. Each of the physical 
properties studied has behaved in a certain quantitative way equal in all experiments. Similarly, the 
phenomena of shrinkage and fragmentation showed, each, clear and reproducible pathways. 
Dependence of reaction rate on temperature, on oxygen concentration, on conversion, on time has 
shown also a clear pattern regardless of initial conditions. From these observations it is inevitable to 
reach the conclusion that all these processes and quantities are related to the pore structure and its 
fme tunes. The most striking evidence is the results of conversion versus normalized time that 
showed clearly that all stages of conversion must be all connected to one mechanism. This 
conclusion, however, is only circumstantial. We do not have yet results from direct observation of 
microscopic changes (morphology and crystallinity) for Spherocarb particles. Still the numerous 
macroscopic data can serve as strong indication of the microscopic processes. Insights can be gained 
if a model that includes the microscopic features and can reconstruct the numerous physicochemical 
experimental data, by minimum parameter fitting. 
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Figure 1. Shrinkage factor versus conversion 
for uniform shrinkage [9,16,19,20]. 

0.4 

0.0 0.2 0.4 0.6 0.8 1.0 

Conversion 
Figure 2. Ratio of density to initial density 
vesrus conversion [7,17,19,20]. 
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Figure 3. Conversion versus time and a 
sequence of shadowgraphs presenting the 
development of shape of a 204 microns 
Spherocarb particle vs. conversion oxidized in 
air at 920 K; C is conversion, I is length, and 
w is width. 
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Figure 4. Ratio of thermal conductivity to its 
minimum value, k&, as a function of 
conversion. 
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Figure 5 .  Conversion versus normalized time T 
(by time at half conversion -- tin) for particles 
oxidized under un-even temperature field. 
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Figure 6. Normalized reaction rate defined as 
dC/dT versus conversion [9,12,20]. 
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